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Abstract 
 
    
    Alluvial rivers have morphologies that are shaped to varying degrees by the character 
of the riparian vegetation they support. Floodplain vegetation produces bank cohesion, 
for example, which in turn is responsible for inducing river meandering that gives rise to 
in-channel bars suitable for pioneer vegetation recruitment. Once established, pioneer 
vegetation is inundated by channel-forming flows, where it interacts with flow and 
sediment transport processes. This dissertation quantifies interactions between in-channel 
pioneer vegetation, which is under-studied relative to floodplain vegetation, and river 
processes across spatial scales. 
    At the seedling scale, I link field experiments measuring woody riparian seedling 
uprooting forces to numerical calculations of flow forces. Seedling uprooting sets the 
trajectory of vegetation-river interactions that may ensue if vegetation survives, becomes 
established and alters river morphodynamics at the patch, bar, and reach scales. I 
constrain the differential controls on seedlings’ resisting force, and show that substantial 
bed scour is required to uproot seedlings. These constraints on seedling uprooting 
conditions inform management strategies aimed at increasing or decreasing riparian 
species.  
    I characterize relationships among topographic features created by vegetation patches 
on river bars and vegetation morphometric parameters. I show that flume-based hydraulic 
relationships poorly predict field observations. I also demonstrate that the signature of 
vegetation alters reach-scale morphology. This analysis, combined with one that 
characterizes the wavelengths of in-channel river topography, shows that vegetation and 
the topographic features it creates within a channel have a large influence on the 
distribution of shear stresses compared to other roughness features. 
    Lastly, using a high-resolution hydrodynamic model that accounts for vegetation drag, 
I simulate the impact of vegetation succession on channel-bend and meander processes 
by changing the size and density of vegetation on an in-channel bar. A global sensitivity 
analysis shows that vegetation parameters are nearly as influential as channel 
characteristics in altering bend hydraulics. For a river reach, simulations show that a 
vegetated bar changes channel hydraulics and forces in a manner that would be expected 
to alter channel evolution, and explains qualitative observations of vegetation-mediated 
river morphologies. This research thus quantifies under which conditions pioneer 
seedlings can persist and alter channel topography, with implications for changing the 
morphology of rivers. 
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Chapter 1 
Introduction 
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1.1 Impact and significance of pioneer riparian vegetation on river form  
Interactions between pioneer riparian vegetation that colonizes bare substrate 
along rivers after disturbance and river processes have been increasingly recognized 
across temporal and spatial scales [e.g., Corenblit et al., 2007; Schnauder and 
Moggridge, 2009; Osterkamp and Hupp, 2010; Gurnell, 2014]. Vegetation affects 
channel morphology [e.g., Eaton and Giles, 2009; Gran et al., 2015], hydraulics [Nepf, 
1999], and sediment transport dynamics [Yager and Schmeeckle, 2013].  
Many studies within fluvial ecogeomorphology have focused on the effects of 
bank strength in shifting channel planforms from braided to single-thread at the reach 
scale. This issue has been studied in flumes [Tal et al., 2004; Braudrick et al., 2009; van 
Dijk et al., 2013], computational models [Murray and Paola, 2003], and quantitative 
field studies [Gran et al., 2015], as well as in the geologic record [Davies and Gibling, 
2011; Gibling and Davies, 2012]. An understudied aspect of fluvial ecogeomorphology is 
the effect of pioneer woody vegetation that recruits on river bars within the active 
channel that may be inundated by floods such that its canopy interacts with flow and 
sediment transport [Corenblit et al., 2007, 2015; Curran and Hession, 2013].  
Studies that have focused on pioneer woody vegetation have generally 
represented vegetation at the patch scale in the flume [Järvelä, 2002; Wilson et al., 2008; 
Perona et al., 2014] or with an observational [Tooth and Nanson, 2000; Bertoldi et al., 
2011] or rule-based approach at the reach scale [Nicholas et al., 2013]. There has been a 
persistent gap in research that is process based, quantitative, and focused at the scales 
important in real rivers [Curran and Hession, 2013]. My dissertation specifically targets 
this research gap by characterizing interactions between pioneer riparian vegetation 
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quantitatively and mechanistically across spatial scales ranging from an individual 
seedling to an entire reach.  
Riparian corridors provide ecosystem services [Naiman and Décamps, 1997] and 
maintain biological diversity [Naiman and Decamps, 1993]. Particularly in dryland 
regions [Tooth, 2000], cottonwood (Populus spp.) forests serve as the  most ecologically 
important deciduous forest ecosystem [Lytle and Merritt, 2004], acting as a foundation 
species [sensu Ellison et al., 2005]. Maintenance of riparian areas and associated 
ecosystem services are, therefore, dependent upon the recruitment and survival of woody 
riparian trees.  
Because vegetation interacts with fluvial processes to engineer channels, 
vegetation has increasingly been incorporated into river restoration to stabilize channels 
and reduce sediment loads. In order for these projects to make successful predictions, we 
require a process-based understanding of vegetation-morphodynamic interactions 
[Curran and Hession, 2013]. 
Altered flow regimes, often in concert with invasion of Tamarix, have resulted in 
channel narrowing in many Western rivers [Johnson, 1994; Allred and Schmidt ,1999; 
Merritt and Cooper, 2000; Gordon and Meentemeyer, 2006; Swanson et al., 2011; Scott 
and Auble, 2012; Manners et al., 2014]. Vegetation encroachment in combination with 
changes in channel geometry can decrease the conveyance capacity of streams and 
increase flood risk [Wu and He, 2009]. Negative ecological effects [Faanes and 
LeValley, 1993] and floodway maintenance concerns [Wu and He, 2009] have given rise 
to programs aimed at manually removing or herbiciding encroaching vegetation [Shafroth 
et al., 2005; Pollen-Bankhead et al., 2009; Vincent et al., 2009] as well as flushing flows 
4 
 
aimed at uprooting unwanted vegetation and transporting sediment to maintain fish 
habitat [Tena et al., 2012; Kondolf and Wilcock, 1996; Wilcock and Kondolf, 1996]. The 
success of these actions has been mixed [Kondolf, 1998; Pollen-Bankhead et al., 2009; 
Vincent et al., 2009], mainly because of a lack of understanding of thresholds required to 
move sediment, uproot seedlings, and how vegetation will engineer a channel if it 
persists.  
 
1.2 Research objectives and scope  
My dissertation targets sand- and gravel-bed rivers that support recruitment of 
pioneer riparian trees. These systems include single and multi-thread planforms and 
support species such as Populus, Salix, and Tamarix. With this work, I sought to answer 
questions fundamental to fluvial geomorphology as well as ecology, and the interactions 
between the two: 
Q1: What are the thresholds involved in seedlings uprooting? 
Q2: How does vegetation steer flow to form vegetation-dependent fluvial 
topography? 
Q3: How does vegetation alter bar-meander dynamics in channel bends? 
 
1.3 Research overview   
I address these questions in chapters 3 –5, following a review of the state of 
knowledge of the influence of riparian vegetation on river morphology (Chapter 2). To 
address the first question (Q1), I used field experiments in conjunction with linear 
statistical models and numerical techniques to quantify the flow and scour constraints on 
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uprooting threshold for pioneer woody seedlings [Chapter 3; Bywater-Reyes et al., 2015]. 
I constrained the velocity and amount of scour necessary to uproot seedlings of different 
species (Populus and Tamarix), groundwater, and grain-size settings. By comparing the 
velocities required to uproot seedlings with velocity conditions expected over a range of 
flows, I found that seedlings are resilient to uprooting from drag forces alone, in the 
absence of scour. This provides new insight into the mechanisms of seedling mortality 
and constraints on uprooting that are relevant for management aimed at uprooting or 
ensuring survival of pioneer seedlings. 
I addressed the second question (Q2) by using coupled high-resolution remote-
sensing measurements of vegetation morphology and associated topography for different 
species (Populus and Tamarix) in a wandering, sand-bed river (Chapter 4). I made 
observations at the plant/patch scale using ground-based LiDAR and at the bar/reach 
scale with airborne LiDAR. I statistically linked the morphology of features associated 
with plant patches to vegetation morphology, and compared these relationships with 
flume-derived predictions. I found flume-derived relationships inadequate to predict the 
topographic signatures that results from vegetation-morphodynamic interactions, 
highlighting the need to represent field conditions more accurately in flume studies. I 
linked vegetation morphology to topography at the reach-scale by regressing a 
topographic metric against vegetation morphology metrics extracted from airborne 
LiDAR, and included the autocorrelation structure of the data in the statistical models. 
These reach-scale results were consistent with patch-scale results, but the exact nature of 
the relationship between vegetation structure and topographic form could not have been 
determined from airborne LiDAR alone. Using spectral analysis, I quantified the size of 
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features captured by the airborne LiDAR, and compared these features to the patch-scale 
vegetation and associated topographic forms. I found that the airborne LiDAR does not 
capture patch-scale features, and patch-scale vegetation and features are expected to be 
just as influential on fluvial processes as bars.  
To address the impact vegetation has on bar-meander dynamics (Q3) I used a 
modeling approach, whereby I represented the flow field of a wandering gravel-bed river 
with a vegetated bar in a calibrated hydrodynamic model (Chapter 5). I tested the 
sensitivity of the flow field to channel characteristic and vegetation parameters, and I 
found vegetation parameters to be nearly as influential on channel-bend hydraulics as 
channel characteristics. I quantified the impact a vegetated bar would have on bend 
morphodynamics by varying vegetation parameters representative of vegetation 
succession on a bar. I found the effect of vegetation on hydraulics and the force balance 
within the bend to increase with plant size and density. The vegetated bar altered 
hydraulics and the force balance in a manner that would push flow away from the bar, 
concentrate flow paths, increase accelerations in the cross-stream direction, and increase 
the gradient in velocity across the bend. These effects are expected to result in increased 
bank erosion around the bend, and increased deposition atop the bar, in a manner that 
would alter morphodynamic feedbacks in channels with vegetated bars. 
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Chapter 2 
Bank- and in-channel vegetation controls 
on channel morphology 
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2.1 Introduction 
Alluvial river channel morphology depends on complex interactions between 
hydrology, sediment supply, and transport capacity [e.g., Leopold and Maddock, 1953; 
Leopold and Wolman, 1957; Church, 2006]. Within fluvial environments where pioneer 
riparian species have evolved strategies to colonize bare substrate deposited after 
disturbance [e.g., Mahoney and Rood, 1998; Amlin and Rood, 2002; Karrenberg et al., 
2002], interactions between biota and surface processes are increasingly recognized [e.g., 
Corenblit et al., 2007; Schnauder and Moggridge, 2009; Osterkamp and Hupp, 2010; 
Gurnell, 2014]. The influence of riparian vegetation on fluvial forms and processes has 
been observed in the geologic record [e.g., Davies and Gibling, 2011; Gibling and 
Davies, 2012], flume studies [e.g., Tal et al., 2004; Braudrick et al., 2009] and modern 
rivers [e.g., Tooth and Nanson, 2000; Gurnell and Petts, 2006; Bertoldi et al., 2011]. 
Vegetation increases bank strength [Eaton and Giles, 2009], decreases lateral channel 
migration rates [Gran et al., 2015], slows and steers flow [Nepf, 1999], and alters 
sediment transport regimes [Yager and Schmeeckle, 2013].  
Despite many studies documenting vegetation’s influence on channel processes, 
vegetation has not been formally incorporated or universally accepted into channel 
geometry and planform classification schemes [Church and Ferguson, 2015]. Most work 
on quantifying how vegetation changes channel morphology has focused on the effect of 
bank strength [Tal and Paola, 2007; Braudrick et al., 2009; van Dijk et al., 2013]. In-
channel vegetation that recruits on river bars has been less studied [Corenblit et al., 2007, 
2015; Curran and Hession, 2013], although it is this pioneer vegetation that interacts 
with flow to engineer channels and build floodplains that add cohesion to banks such that 
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channel planform is altered [Steiger et al., 2005; Francis, 2006; Gurnell, 2014]. These 
two aspects of vegetation-river interactions (banks versus in-channel vegetation) do not 
operate in isolation and act over multiple spatio-temporal scales [Curran and Hession, 
2013; Corenblit et al., 2015]. Nevertheless, discussing these two effects separately allows 
for a straightforward organizational framework and follows the evolution of research on 
vegetation-river interactions. Here, I review the broad, fundamental controls on river 
morphology to establish in which settings vegetation is expected to have influence and 
interact with channel morphology. Next, I review what is known about vegetation-related 
bank strength in altering channel morphology. Finally, I discuss the effect of in-channel 
vegetation on river form and processes. I end with a proposed updated river classification 
scheme that includes the effect of bank and in-stream vegetation.   
 
2.2 Fundamental Controls on Alluvial River Morphology 
Based on longitudinal gradients in catchment size, discharge, sediment supply, 
and grain size with distance from catchment heads, we expect a transition from  supply- 
to transport-limited reaches that corresponds to expected changes in channel form [Figure 
2.1; Montgomery and Buffington, 1997]. Pioneer riparian species require bare substrate 
on which to recruit [Karrenberg et al., 2002], and are therefore most likely to be present 
and influential in alluvial channel morphologies with the hydrology [e.g., recruitment box 
model; Mahoney and Rood, 1998; Amlin and Rood, 2002] and bars appropriate for 
recruitment. Based on this framework, alluvial stream types with mixed sand and gravel 
substrate and bars are expected to support recruitment of riparian vegetation. 
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The ability of riparian vegetation to survive in the active channels in which they 
have recruited determines the extent to which vegetation may influence channel 
morphology [Corenblit et al., 2007; Gran et al., 2015]. High rates of sediment deposition 
or transport can produce riparian seedling mortality [Scott et al., 1997; Lytle and Merritt, 
2004; Kui et al., 2014]. If seedlings are unable to establish, their influence on channel 
morphology will be minimal, and physical processes such as sediment erosion and 
deposition will dominate [Corenblit et al., 2007; Edmaier et al., 2011; Gran et al., 2015].  
 
Figure 2.1 A) Longitudinal variations in channel morphology emerge from changes 
in discharge, stream power, and sediment supply [after Montgomery and Buffington, 
1997]. B) Planform view of variation in the balance of sediment available and ability 
of the stream to transport it [after Corenblit et al., 2015]. Vegetation-river-
morphology coupling is expected to be strongest within reaches with morphologies 
conducive to vegetation recruitment.  
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2.3 Impact of Bank Strength on River Form 
Riparian vegetation roots increase bank-strength, altering channel morphology. 
Building on flume experiments [Tal et al., 2004], cellular [Murray and Paola, 2003] and 
bank-stability modeling [Pollen-Bankhead and Simon, 2010], and theoretical dimensional 
analysis [Paola, 2001], Gran et al. [2015] proposed that the trajectory of river form 
(braided to meandering) can be predicted by Paola 's[2001] dimensionless parameter, T*: 
𝑇∗ =  
𝑇𝑣𝑒𝑔
𝑇𝑐ℎ𝑛𝑙
 (2.1) 
where 𝑇𝑣𝑒𝑔 is the time required for vegetation to grow large enough to resist erosion and 
𝑇𝑐ℎ𝑛𝑙 is the characteristic timescale for bed reworking. If sediment supply is high, 𝑇𝑐ℎ𝑛𝑙 is 
small and 𝑇𝑣𝑒𝑔 large, such that T
* 
>1 and the channel is expected to remain braided, 
whereas if the parameters change, such that T
*
 <1, the channel is expected to transition 
from braided to meandering, and experience increased channel stability [Gran et al., 
2015; Figure 2.2]. Presumably, if T
* 
is equal to one (at equilibrium), vegetation can 
interact with flow to develop vegetation-mediated landforms that are reworked at the 
same rate as new ones are formed, such as observed for the Tagliamento River in Italy 
[Zanoni and Gurnell, 2008;  Gran et al., 2015]. 
Thus, the braided field of the meandering-braided stability diagram originally 
proposed by Leopold and Wolman [1960] is dependent upon the ability of vegetation to 
survive and increase bank cohesion (Figure 2.3). Eaton and Giles [2009] used regime 
theory to show how vegetation-related bank strength and grain size alter the braiding-
meandering threshold of Leopold and Wolman [1960]. They showed that vegetation-
related bank cohesion has a greater effect on small streams, with the effect declining with 
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increasing discharge (a proxy for stream size), in support of earlier studies of Eaton and 
Millar [2004] and Eaton and Church [2007] (Figure 2.2).  
Church [2006]  proposed alluvial river planform morphology could be predicted 
based on bankfull Shields number, an indicator of mobility of the bed material at a flow 
level (bankfull) that is often assumed to be geomorphically significant [e.g., Andrews, 
1980]. The Shields number (𝜏∗) is equal to the boundary shear stress (𝜏𝑜) divided by the 
submerged grain weight: 
𝜏∗ =
𝜏𝑜
(𝜌𝑠−𝜌)𝐷𝑔
   (2.2) 
where 𝜌𝑠  and 𝜌 are the densities of the sediment and water, respectively, D is grain 
diameter and g is acceleration due to gravity. The Shields number can be interpreted as 
the ratio between forces driving grain motion to forces resisting grain motion [Middleton 
and Southard, 1984]. Channels with threshold (~0.15) to labile (>1.0) Shields numbers 
may exhibit single or multi-thread planforms with bars, depending on bed-material grain 
size, channel slope, sediment supply, and channel “stability”. Threshold to labile 
channels correspond to the pool-riffle and dune-ripple types of Montgomery and 
Buffington [1997]. Paola et al. [1992] proposed the channel-forming Shields number 
should include a bank strength surrogate number, to account for grain size and vegetation 
effects [Kleinhans, 2010]. Based on alluvial river classification schemes and what is 
known about vegetation recruitment and influence on the braided – meandering 
threshold, vegetation is likely to be influential in channels where it can recruit (pool-riffle 
and dune-ripple types of Montgomery and Buffington [1997] and threshold to labile of 
Church [2006]), where it can survive (T
*
 ≤1; Figure 2.3), and when streams are not too 
big (bankfull discharge < 10
3
 m
3
/s).  
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Figure 2.3 Alluvial channel morphologies based on grain size, gradient, sediment supply, 
and Shields number, modified after Church [2006]. Channel types with bar and sediment 
conditions appropriate for riparian vegetation recruitment are boxed in green. Within 
these channels, seedlings are unlikely to survive if Tchnl is smaller than to Tveg (T
*
 > 1). If 
T
*
 ≤ 1, fixed channel forms develop.  
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The Shields parameter explains the broad patterns of alluvial channel form 
presented in Figure 2.3. The classification scheme is improved with the addition of the T
*
 
parameter to describe the braided – meandering threshold that is a function of vegetation-
related bank strength and sediment supply. Additional variation in channel planform is 
dictated by the pattern of bars within the channel, which are linked to width-to-depth 
ratios and interactions with vegetation. 
Width-to-depth ratios have been characterized with at-a-station hydraulic 
geometry relations that predict width and depth as a function of discharge [Leopold and 
Maddock, 1953]. These relationships are empirical, numerous, and uncertain [Kleinhans, 
2010]. Some have been altered to include grain size and bank cohesion coefficients with 
improved fits, supporting the notion that vegetation influences at-a-station hydraulic 
geometry by decreasing lateral migration rates [Millar and Quick, 1993; Kleinhans, 2010; 
Métivier and Barrier, 2012; Curran and Hession, 2013; Figure 2.4]. The effect of 
vegetation altering stream width has additionally been segregated by bank vegetation 
type, with floodplains composed of grasses differing from those composed of woody 
riparian forests, but the results have been conflicting. Some studies suggest woody 
Figure 2.4 Width-to-depth 
(W/D) ratio as a function of 
vegetation index ranging from 0 
(grasses) to 4 (> 50% 
trees/shrubs) for a river that 
experienced riparian forest 
development on formerly bare 
banks, with 1σ error (dashed 
lines). Increasing vegetation-
related bank strength decreased 
W/D by a factor of two. From 
Métivier and Barrier [2012].  
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riparian forests result in wider channels than grasses [Zimmerman et al., 1967; Hession et 
al., 2003; Allmendinger et al., 2005; McBride et al., 2010; Curran and Hession, 2013] 
and others the opposite [Hey and Thorne, 1986; Gregory and Gurnell, 1988; Rosgen and 
Silvey, 1996; Bledsoe et al., 2011; Curran and Hession, 2013]. Although the exact nature 
of floodplain vegetation type on altering width-to-depth ratios remains unclear, channels 
with vegetated banks have smaller width-to-depth ratios, from which alternate bar 
patterns emerge [Kleinhans and van den Berg, 2011].  
If vegetation-related bank strength were included in channel process-based 
classification schemes, additional differentiation could be made between channels with 
similar Shields numbers, but varied bar character. Paola et al. [1992] and Kleinhans 
[2010] proposed an altered channel-forming Shields number to generalize for grain-size 
and vegetation-related bank strength, 𝜏𝑠
∗:  
𝜏𝑠
∗ =
 𝜏∗
(1+𝜆)
 (2.3) 
where 𝜆 is a cohesion parameter. For cohesionless banks, 𝜆 equals zero, and 𝜏𝑠
∗ is 
equivalent to 𝜏∗. With increasing bank cohesion, 𝜏𝑠
∗ would be smaller than 𝜏∗for a given 
setting, partially explaining why some rivers, particularly with sand beds, seemingly 
sustain shear stress values much greater than critical [e.g., Paola et al., 1992; Church, 
2006].  
 
2.4 Impact of In-stream Vegetation on River Processes  
Although possible on all bar types, pioneer vegetation is more likely to survive on 
nonmigrating bars, such as forced alternating bars [Wintenberger et al., 2015]. Evolution 
of bars (e.g. forced) is dictated predominantly by width-to-depth ratio [Kleinhans and van 
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den Berg, 2011]. In channels with banks strong enough to induce alternate bar formation 
and conditions appropriate for vegetation recruitment, complex interactions between 
vegetation and morphodynamics can ensue, as the above-ground portion of the plant 
interacts with flow [Corenblit et al., 2007; Nepf, 2012; Curran and Hession, 2013]. 
Across a range of hydrogeomorphic settings the evolution of vegetation-mediated fluvial 
morphologies have been proposed [Gurnell et al., 2001; Tooth et al., 2008]. Based on 
these observations as well as practical concerns about how vegetation alters flow and 
sediment transport dynamics [Dean and Schmidt, 2011], a body of literature 
characterizing vegetation-morphodynamic interactions has developed. These efforts have 
sought to bring ecological and geomorphic concepts into a unified framework [Corenblit 
et al., 2007, 2015], quantify the main impacts of vegetation on hydraulics [Nepf and 
Vivoni, 2000] and sediment transport [Yager and Schmeeckle, 2013], and to explain the 
evolution of vegetation-mediated landforms [Schnauder and Moggridge, 2009]. In 
parallel and informed by these studies, modeling strategies incorporating the effects of 
vegetation in predictive hydrodynamic and morphodynamic models have increased 
[Green, 2005; Camporeale et al., 2013; Vargas-Luna et al., 2015a]. Here, I review these 
efforts to provide background for my dissertation that integrates expertise spanning these 
varied sub-disciplines and applies it across multiple spatial scales, and to explain 
additional variation in channel morphology not captured in classification schemes that 
ignore vegetation.  
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2.4.1 Inspiration from Real Rivers  
 In recognition of the interdependence of river topography and recruitment and 
succession of vegetation, Corenblit et al. [2007] proposed that the relative influence of 
biotic versus physical processes could be described by the biogeomorphic succession 
concept [Corenblit et al., 2007]. If a river’s shear stress and sediment transport regime 
are able to scour bare substrate, physical processes dominate (geomorphic phase). If 
recruitment of pioneer species is successful, seedlings may establish (pioneer phase) and 
begin to influence hydraulics and sediment transport if they persist as larger plants and 
vegetation patches (biogeomorphic phase). Eventually, biotic processes may dominate 
the system (ecological phase) if physical processes are unable to reset the system. 
 Vegetation-mediated channel features have been identified in a wide variety of 
hydrogeomorphic settings, illustrating the biogeomorphic phase. Field studies have 
reported tear-drop shaped vegetation-related landforms. These “tail bars” [Kleinhans and 
van den Berg, 2011] are thought to trigger a feedback that leads to stabilizing and growth 
of the proto-islands through additional sedimentation and steering that results in 
vegetated island development [Tooth and Nanson, 2000; Gurnell et al., 2001; Schnauder 
and Moggridge, 2009; Rodrigues et al., 2015]. In the perennial, wandering gravel-bed 
Tagliamento River, recruitment of live wood of Salicaceae on nonmigrating bars 
[Wintenberger et al., 2015] steers flow, traps sediment, and eventually coalesces into 
larger features [Edwards et al., 1999; Gurnell and Petts, 2006; Gurnell et al., 2012]. In 
this case, because vegetation is recruited from live wood, the pioneer phase is effectively 
bypassed, resulting in accelerated vegation-river morphology feedbacks.  In the 
ephemeral, anastomosing sand-bed Marshall River of arid central Australia (Tooth and 
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Nanson, 2000), teatree shrubs (Melaleuca glomerata) act as obstacles to flow and initiate 
the formation of tail bars that eventually lead to the formation of vegetated ridges and an 
anastomosing channel form. In these examples, it has been argued that recruitment of 
vegetation and building of vegetation-mediated topography is in balance with 
geomorphic disturbance, such that island building occurs at the same rate as bed 
reworking [Zanoni and Gurnell, 2008;  Gran et al., 2015].  
 If the physical processes or vegetation dynamics are altered through natural or 
human-induced causes, these phases may no longer be balanced, such that the ecological 
phase dominates. In much of the western United States, regulation of rivers by dams has 
reduced peak flows, and in many cases, resulted in vegetation encroachment and 
associated channel change [Magilligan and Nislow, 2005; Graf, 2006]. In the Southwest, 
regulation has, in general, created lower, stable flows that favor invasive Tamarix over 
native woody tree species such as Populus (cottonwood) and Salix (willow) [Johnson, 
1994]. This change in vegetation composition in concert with flow regime has resulted in 
channel narrowing in many Western rivers [Johnson, 1994; Allred and Schmidt,1999; 
Merritt and Cooper, 2000; Gordon and Meentemeyer, 2006; Swanson et al., 2011; Scott 
and Auble, 2012; Manners et al., 2014]. 
 In other instances, native Populus has become an unwanted agent of geomorphic 
change. For example, on the Platte River, Nebraska, river regulation has been 
accompanied by expansion of woody species (Populus) [Johnson, 1994], which has 
raised concerns about open-channel habitat for bird species [Currier, 1997]. Similar 
trends have occurred in other western Great Plains rivers, with vegetation establishment 
causing channel narrowing [Friedman et al., 1996; Osterkamp et al., 1998]. These U.S. 
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examples of vegetation engineering in regulated rivers raise concerns about water use 
[Sala and Smith, 1996], sediment dynamics [Dean and Schmidt, 2013; Grams et al., 
2015], habitat and ecosystem services [Currier, 1997; Stromberg, 1998; Shafroth, 2005].  
Vegetation-dependent fluvial topography and channel change are a result of flow-
vegetation interactions that change river hydraulics and sediment transport dynamics. 
Predicting vegetation-related changes in morphodynamics requires quantifying 
vegetation-river interactions and developing a process-based framework that includes the 
effects of vegetation on flow and sediment transport. Similarly, river restoration efforts 
that increasingly incorporate vegetation into their design [Curran and Hession, 2013] 
would benefit from a process-based, predictive framework. 
 
2.4.2 Vegetation Influence on Hydraulics and Sediment Transport  
The effect of vegetation on hydraulics is related to flow and vegetation properties, 
including flow depth and velocity, and the density, morphology, and flexibility of 
vegetation. Riparian plants, either individually or in patches, generate shear layers at their 
boundaries with open water that in turn create vortices responsible for changes in local 
velocity that affect shear stress and sediment transport [Nepf, 1999]. Flow separation 
produces coherent flow structures acting at different scales within the vegetated portion 
of the channel, including stem-, canopy-, and patch-scale structures [Nepf et al., 2013] 
that may have a steady (constant velocity) and/or oscillating wake, depending on the 
turbulence (Reynolds number, Re), drag coefficient (CD) [Middleton and Wilcock, 1994], 
and vegetation properties [Nepf et al., 2013].  
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 Canopy-scale turbulence (Figure 2.5) that controls the vertical exchange of 
momentum and influences vertical sediment exchange is controlled by the canopy drag 
length scale, Lc, which is the length over which flow decelerates as a result of drag acting 
on the canopy and is proportional to (CDa)
-1
 where a is frontal area per canopy volume 
[Nepf et al., 2013]. The exact nature of this relationship, and the thickness of penetration 
into the canopy (δv), which is a function of Lc, is dependent upon whether the vegetation 
is submerged or emergent [White and Nepf, 2008], and the morphology and flexibility of 
the vegetation [Wilson, 2007; Ortiz et al., 2013a; Li et al., 2014; Chapman et al., 2015].  
Thresholds at which canopy-scale turbulence influences sediment transport 
processes can be discerned by calculating the frontal area per bed area, or roughness 
density (f). For f  > 0.1 canopy-scale coherent structures immerge, whereas forf  < 0.1, 
a rough turbulent boundary layer is maintained, and no canopy-scale coherent structures 
are produced [Nepf et al., 2013]. An experiment in seagrass [van Katwijk et al., 2010] 
Figure 2.5 Lateral view of a long, submerged vegetation patch (vertical gray lines 
representing individual stems) of height, h, experiencing a flow depth, H, and 
approach velocity, U∞. Flow is deflected above the canopy, such that flow decelerates 
over a distance XD, a function of Lc. After a distance, XD, a shear layers forms at the 
top of the canopy, creating Kelvin-Helmholtz-instability vortices that grow 
downstream until a distance, X*,after which they reached a fixed size and associated 
fixed penetration scale within the canopy (δv). After Chen et al. [2013] and Nepf et al. 
[2013]. 
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showed increased fine-sediment deposition within densely covered beds (f  > 0.1), 
whereas an increase in grain size occurred at sparsely covered bedsf  < 0.1), illustrating 
the effect of the canopy-scale flow structures on sediment deposition. Thus, in dense 
vegetation, vertical exchange of momentum and increased fine sediment deposition may 
cause vertical accretion, explaining vegetation-induced channel narrowing [Allred and 
Schmidt, 1999] as well correlations between vegetation density and elevation [Bertoldi et 
al., 2011].   
Behind obstructions, such as patches of vegetation, a zone of recirculation exists 
followed by a von Karman vortex street (Figure 2.6). Trees (or patches) may be porous, 
allowing some flow to pass through (bleed flow), the occurrence of which increases with 
increasing porosity [Nepf et al., 2013]. This type of flow, such as expected for a 
vegetation patch, delays the onset of the von Karman vortex and increases the length of 
the low, steady-velocity wake region (L1) behind the patch [Chen et al., 2012b]. The 
lengthscale of the wake region (L1) increases with canopy porosity. Sediment deposition 
within the wake region can occur because mean velocity and turbulence are decreased 
Figure 2.6 Top view of a patch of vegetation with diameter (D). Velocity approaching 
the patch (U∞) is decreased behind the patch (U1) in a steady wake region over L1. 
Turbulence is increased at a distance Lw behind the patch. After Chen et al. [2012]. 
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over  L1, which has been confirmed in a flume study [Ortiz et al., 2013]. Thus, single 
trees or patches of vegetation are associated with topographic features resembling these 
steady-velocity wake regions, explaining the initiation of tail bar features and proto-
islands in association with sparse vegetation in the Tagliamento [Gurnell et al., 2001] and 
Marshall [Tooth and Nanson, 2000] rivers, despite their differences in climate, substrate, 
and vegetation composition.  
In addition to canopy- and patch-related turbulence, the stems themselves 
generate vortices with a lengthscale proportional the stem diameter, d. For sparse 
vegetation (f  < 0.06), bleed flow that produces the steady-wake behind a patch is not 
present, and interaction between individual stem-scale vortices would dictate turbulence 
and associated sediment deposition [Nicolle and Eames, 2011; Nepf et al., 2013]. 
Research has begun to investigate more complex arrangements of vegetation as 
well as sediment transport conditions on vegetation-morphodynamic interactions. Yager 
and Schmeeckle [2013] conducted a flume experiment with simulated emergent 
vegetation and found spatially varying regions of bed load fluxes associated with distinct 
regions of scour and depositional bed forms. They found sediment transport relationships 
to be a function of whether vegetation had a large impact on mean and local flow 
properties, indicating the inadequacy of bed load transport equations in vegetated flows. 
Le Bouteiller and Venditti [2014] conducted a flume experiment with vegetation and a 
mobile bed, and found erosion and deposition patterns to be dictated by the size of the 
plant patch, with patches smaller than Lc experiencing scour, and those larger than Lc 
experiencing deposition. However, Le Bouteiller and Venditti [2014] did not consider the 
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f  thresholds for canopy-scale structures that have been shown to relate to scour and 
deposition regimes [van Katwijk et al., 2010].   
Meire et al. [2014] investigated the impact of multiple interfering vegetation 
patches in a flume experiment. Neighboring patches were found to create an additional 
secondary deposition zone downstream of L1 because of wake interaction. Kim et al. 
[2015] represented a patch of vegetation mid-channel and along the side of a flume, and 
found large differences in behavior when flows were below and above sediment motion 
thresholds. They found increased erosion below sediment motion thresholds, and 
increased deposition above sediment motion thresholds. Manners et al. [2015] used real 
seedlings in a flume experiment and found the impact of vegetation on hydraulics was 
mediated by sediment conditions, with vegetation traits influencing the hydraulic and 
sediment flux response under sediment equilibrium conditions. In contrast, abiotic factors 
controlled the hydraulic response under sediment-deficit conditions. These studies 
illustrate the complexity of vegetation-morphodynamic interactions. 
 
2.4.3 Influence of Vegetation on Reach-scale Dynamics  
Vegetation and other roughness elements affect reach-scale sediment transport 
dynamics by extracting momentum from the flow and thereby reducing the shear stress 
available for sediment transport. Total boundary shear stress (τT) can be partitioned into 
skin friction and form components [Kean and Smith, 2006]: 
τT = τSF + τF (2.4) 
where τSF is skin friction (also often referred to as grain stress), which is applied to the 
bed materials and produces sediment transport, and is τF  is form stress. Drag stress of 
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vegetation (τv) equals vegetation drag (FD) divided by an appropriate bed area, according 
to the drag law [Wu et al., 1999]: 
FD = 
1
2
ρCDAcuc
2 
(2.5) 
where CD is the drag coefficient, Ac is projected vertical frontal area, and uc is the 
approach velocity. The drag equation can be modified to account for flexibility and 
pronation of vegetation by multiplying by a coefficient to account for associated changes 
in CD and Ac [Aberle and Järvelä, 2013]. Additionally, the contribution from stems 
versus the canopy can be specified [Jalonen et al., 2013; Västilä and Järvelä, 2014], but 
these are rarely known outside of controlled flume environments.  
 Griffin et al. [2013] modeled a reach of the Rio Puerco, New Mexico that 
experienced a large, erosive flood following herbicide-removal of Tamarix. Downstream 
of the sprayed reach, fine sediment was transported through a reach characterized by in-
stream Tamarix. They accounted for the drag from Tamarix stems in the reach in a one-
dimensional flow and sediment transport model. Form drag from the vegetation reduced 
τSF  available for sediment transport by two orders of magnitude. Even with this reduction 
in τSF, fine sediment was transported for a long distance downstream, and presumably 
would have traveled farther in the absence of vegetation. Le Bouteiller and Venditti 
[2014] conducted a flume experiment with simulated vegetation and a mobile bed and 
found vegetation to partition shear stress and reduce sediment transport capacity, 
resulting in an increased bed slope to accommodate upstream sediment influx.  
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2.5 Synthesis  
 Alluvial channel morphology depends on many variables, and follows 
relatively predictable patterns from basin headwaters to river mouths (Figure 2.1). Within 
alluvial channels composed of sand and gravel, a variety of forms can exist (Figure 2.3) 
depending on the characteristics of the substrate, strength of the banks, and nature of the 
barforms. The parameter T
*
 provides a means to predict whether a channel will be 
braided or meandering. Increased bank cohesion is followed by a reduction in channel 
widths and associated changes in the type of bars present. A modified channel-forming 
Shields number to generalize for grain-size and vegetation-related bank strength, 𝜏𝑠
∗, 
would aid in differentiating between channels with similar 𝜏∗ but differences in grain size 
and bank strength. This reduces the Shields number by multiplying by a bank strength 
surrogate parameter, 
 1
(1+𝜆)
 , where 𝜆 equals zero for cohesionless banks. 
Within channels with bars suitable for recruitment of pioneer riparian vegetation, 
additional influence of in-channel vegetation may steer flow, alter hydraulics and 
sediment transport, and partition shear stress. I propose that fractional form stress [Yager 
et al., 2007] from vegetation (τv
*
) could be used to classify channel types in conjunction 
with T
*
 and 𝜏𝑠
∗, equal to the ratio of vegetation stress (τv) to the boundary shear stress at 
bankfull (τo,bf):  
𝜏𝑣
∗ =
𝜏𝑣
𝜏𝑜,𝑏𝑓
 (2.6) 
could be used to classify channel types in conjunction with T
*
 and 𝜏𝑠
∗. The larger τv
*
, the 
more influential vegetation is likely to be in shaping channel form and process. 
Conversely, if vegetation does not impose stresses, τv
*
 equals zero. This new scheme 
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(Figure 2.7) incorporates bank- and in-channel-related vegetation effects and accounts for 
unexplained variation in planforms. 
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Chapter 3 
Flow and scour constraints on uprooting 
of pioneer woody seedlings 
Bywater-Reyes, S., Wilcox, A. C., Stella, J. C. and Lightbody, A. F. (2015), Flow and 
scour constraints on uprooting of pioneer woody seedlings. Water Resources Research. 
doi:10.1002/2014WR016641. 
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Abstract  
Scour and uprooting during flood events is a major disturbance agent that affects 
plant mortality rates and subsequent vegetation composition and density, setting the 
trajectory of physical-biological interactions in rivers. During flood events, riparian 
plants may be uprooted if they are subjected to hydraulic drag forces greater than their 
resisting force. We measured the resisting force of woody seedlings established on river 
bars with in situ lateral pull tests that simulated flood flows with and without substrate 
scour. We quantified the influence of seedling size, species (Populus and Tamarix), 
water-table depth, and scour depth on resisting force. Seedling size and resisting force 
were positively related, with scour depth and water-table depth—a proxy for root 
length—exerting strong and opposing controls on resisting force. Populus required less 
force to uproot than Tamarix, but displayed a greater increase in uprooting force with 
seedling size. Further, we found that calculated mean velocities required to uproot 
seedlings were greater than modeled flood velocities under most conditions. Only when 
plants were either shallowly rooted or subjected to substrate scour (≥0.3 m) did the 
calculated velocities required for uprooting decrease to within the range of modeled flood 
velocities, indicating that drag forces alone are unlikely to uproot seedlings in the absence 
of extreme events or bar-scale sediment transport. Seedlings on river bars are most 
resilient to uprooting when they are large, deeply rooted and unlikely to experience 
substrate scour, which has implications for ecogeomorphic evolution and river 
management.  
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3.1 Introduction 
Woody riparian trees affect flow and sediment transport fields [Nepf, 2012; Yager 
and Schmeeckle, 2013a; Manners et al., 2015] and as a result may have multiscale 
influences on river morphology [Tooth and Nanson, 2000; Gurnell and Petts, 2006; 
Curran and Hession, 2013]. Flume experiments on how vegetation affects flow and 
sediment transport have shown that plants generally steer and slow flow, which increases 
fine sediment deposition within vegetation patches [Zong and Nepf, 2010; Kui et al., 
2014]. These observations may explain how riparian vegetation alters river morphology 
over longer timescales, as pioneer riparian plants raise the elevation of bars on which 
they have recruited, ultimately building floodplains characterized by mature riparian 
forests [Bendix and Hupp, 2000; Osterkamp and Hupp, 2010]. The evolution of a channel 
in the presence of vegetation is therefore contingent on establishment of pioneer woody 
riparian seedlings on bars within active river channels, and subsequently either their 
survival or uprooting through flooding events that may inundate bars [Corenblit et al., 
2007]. This tipping point in the trajectory of river-vegetation interactions and ecosystem 
development – establishment and survival of pioneer riparian seedlings on river bars, 
versus uprooting before plants can instigate morphodynamic feedbacks – remains 
understudied despite its geomorphic and ecological implications [Edmaier et al., 2011]. 
To address this gap in knowledge of ecogeomorphic feedbacks, in this study we quantify 
riparian seedling uprooting thresholds. 
Ecologically, riparian trees act as ‘foundational’ species that support other species 
and ecosystem functions [Ellison et al., 2005]. However, riparian trees may cause adverse 
impacts. Vegetation may encroach in channels as a result of flow regulation or invasion 
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of non-native species, subsequently altering flood hydraulics, sediment transport, and 
channel morphology, decreasing stream conveyance capacity and increasing flood risk 
[Wu and He, 2009]. Such effects have been observed in many western U.S. rivers as a 
result of invasion of the non-native woody shrub tamarisk (Tamarix spp.) within riparian 
zones [Allred and Schmidt, 1999; Merritt and Cooper, 2000; Swanson et al., 2011; 
Manners et al., 2014]. In response to ecological, flooding, and water-use concerns 
[Faanes and LeValley, 1993; Wu and He, 2009], management efforts have included 
manual removal, herbicide application [Shafroth et al., 2005; Pollen-Bankhead et al., 
2009; Vincent et al., 2009], and flushing flows seeking to scour and uproot unwanted 
vegetation [Kondolf and Wilcock, 1996; Wilcock and Kondolf, 1996; Tena et al., 2013]. 
The success of these various management strategies has been mixed [Kondolf, 1998; 
Pollen-Bankhead et al., 2009], in part because the physical thresholds required to uproot 
seedlings are poorly understood.  
Those uprooting thresholds depend on the balance between the flow forces acting 
on the vegetation during floods versus the forces stabilizing the plant. The force that 
vegetation experiences during flood flows can be parameterized as a drag force (FD): 
FD = 
1
2
ρCDAcUc
2
   (3.1) 
where ρ is density of water, CD is drag coefficient, Ac is projected vertical frontal area, 
and Uc is approach velocity [Wu et al., 1999]. Vegetation may uproot during floods if the 
drag force (FD) exceeds the plant’s resisting force (FR; Figure 3.1) [Gran and Paola, 
2001; Coulthard, 2005; Edmaier et al., 2011, 2014].  
Uprooting thresholds therefore depend not only on the flow strength but also on 
the factors controlling FR, which we expect to include species- and groundwater-
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dependent root morphology, and scour depth [Edmaier et al., 2011, 2014]. In non-
cohesive soils, such as those comprising river bars where riparian seedlings recruit, FR 
increases with root length and number of roots [Bailey et al., 2002; Pollen-Bankhead and 
Simon, 2009; Schwarz et al., 2010; Edmaier et al., 2014]. Laboratory experiments with 
Avena sativa L. have found root length to be a primary factor controlling uprooting 
[Perona et al., 2012], although this has not been confirmed for woody riparian species. 
Root morphology, in turn, is strongly influenced by groundwater dynamics. Woody 
riparian species (e.g., Populus and Salix, of the Salicaceae family) typically grow lateral 
roots to soil depths that correspond to the upper limits of the water table during early 
growth of the plant, though taproots can extend farther [Amlin and Rood, 2002; 
Karrenberg et al., 2003; Stella and Battles, 2010; Rood et al., 2011; Pasquale et al., 
2012]. A field experiment using Salix cuttings found root density to be greatest at a 
predictable, often occurring water-table level  [Pasquale et al., 2012]. Root length can 
also vary among species. For example, in the western U.S., Tamarix can achieve greater 
rooting depths than native trees under equivalent growing conditions [Stromberg, 2013]. 
Based on these findings, Pasquale et al. [2012] expected the depth to the greatest root 
density to influence uprooting susceptibility. Field tests of the resisting force of Populus 
trees found that bending and/or uprooting covaried with metrics of plant size [Stone et al., 
2011; Peterson and Claassen, 2013].  
Vegetation uprooting in non-cohesive soils may occur by two distinct 
mechanisms (Figure 3.1; Edmaier et al. [2011]). The first mechanism, Type I, occurs 
when the drag force acting on the plant (FD) exceeds its anchoring ability (FR, in the 
absence of any scour), resulting in roots breaking or slipping out of the substrate. In Type 
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II uprooting, scour around the base of the plant is required to reduce FR before uprooting 
can occur. Scour-driven uprooting (Type II) can be further differentiated between scour 
induced by the presence of stems (which we will call Type IIa) and scour as a result of 
bar- or reach-scale topographic change (Type IIb). Type IIa uprooting has been proposed 
to occur because woody seedling stems can self-induce local scour by causing flow 
separation in the form of a horseshoe vortex upstream of the seedling that scales with the 
diameter of the seedling [Schnauder and Moggridge, 2009; Edmaier et al., 2011; Crouzy 
and Perona, 2012]. In addition, bar- or reach-scale scour and fill or spatially varying 
sediment transport may be important in decreasing FR and driving Type IIb uprooting. 
Which of these scour-induced uprooting mechanisms is more likely to occur has not been 
evaluated to our knowledge. For both scour-related uprooting mechanisms, scour-related 
uprooting susceptibility likely differs between gravel- and sand-bed rivers, because in the 
latter a given scour depth may be easier to achieve [Wilcock, 1988].  
Here we target persisting uncertainties in our mechanistic and quantitative 
understanding of the processes that influence the uprooting of pioneer woody seedlings 
on river bars that experience periodic flood inundation [Stella et al., 2013]. Our primary 
objective was to investigate the relative influence of above- and below-ground factors 
controlling FR for pioneer riparian seedlings that have recruited on bars. We expected a 
general relationship between plant size and FR, with modifications to this relationship 
based on factors such as scour, root morphology, and species. We aimed to link FR to root 
morphology, using both root morphometric variables for seedlings that were uprooted 
intact as well as water-table depth as a proxy for rooting depth for each seedling tested. A 
second objective was to evaluate the susceptibility of seedlings to uprooting during floods 
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under alternative mechanistic frameworks, specifically from either drag forces alone 
acting on the aboveground portion of the plant (Type I) or these drag forces plus scour of 
river bed substrate (Type II).  
We addressed our objectives by conducting field experiments measuring seedling 
resisting force (FR) with pull tests for seedlings ranging in species type, size, and 
morphology. To address how substrate scour influenced FR, we simulated scour in our 
experiments. We also measured root morphology on a subset of seedlings that were 
excavated or uprooted intact to assess the influence of root morphology on FR. We 
conducted these tests at sites that varied with respect to substrate (gravel or sand), 
groundwater conditions (depth to water table), and species present (Populus and 
Tamarix). To quantify statistically how FR varied with the potential explanatory factors 
we tested, we used general linear models. We then related FR to modeled and measured 
flood flows at our field sites to evaluate what flow conditions would be sufficient to 
uproot seedlings by Type I and Type II mechanisms. Finally, we evaluated the potential 
relative importance of Type IIa versus Type IIb scour-induced uprooting and compared 
results of our experiments to field observations of seedling uprooting. Our study, by 
quantifying drivers of seedling mortality by uprooting, targets a gap in understanding of 
the ecogeomorphic evolution of channels and provides guidance for river management.  
 
3.2 Methods 
3.2.1 Site Characterization  
We conducted field campaigns at three sites in order to measure uprooting 
susceptibility: the Bitterroot River (BR), Montana, the Bill Williams River (BWR), 
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Arizona, and the BWR’s tributary the Santa Maria River (SMR), Arizona (Figure 3.2; 
Table 3.1). Using these three sites allowed us to test how FR varied with respect to 
variations in groundwater conditions, species present, and grain size, which in turn 
allowed us to test differences in potential uprooting mechanisms (Types I, IIa, or IIb) at 
the sites, given the grain-size dependence of channel-bed erosion. The BR is an 
unregulated gravel-bed river. The BWR is a dammed sand- and fine-gravel bed river 
where regulation has reduced flow variability and resulted in elevated, more static 
groundwater conditions compared to the SMR, an unregulated sand-bed river [Shafroth et 
al., 2000].  
To characterize bed-material size, we conducted pebble counts at the BR site 
(Figure S1), and we used the grain size data of Dekker [2012] for the BWR and SMR 
sites. River water elevation and groundwater levels were measured with real-time 
kinematic (RTK) GPS during field campaigns representing base flow conditions (summer 
2012 for BR; spring 2013 for BWR and SMR). A groundwater surface map was then 
derived from kriging between measurements of groundwater and river stage elevation 
We chose bars at the study sites at a range of elevations above base flow stage, 
such that a range of water-table depths were captured. Bars contained pioneer woody 
seedlings (Populus and Tamarix) that were approximately 1–5 years old. Different 
species of Populus occurred at the Arizona and Montana sites (P. fremontii and P. 
trichocarpa, respectively). These species have different morphologies, but each 
represents a native foundational species within its respective ecosystem. Tamarix spp. 
were present only at the Arizona sites. 
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3.2.2 Seedling Characterization 
Seedlings for pull tests were selected at random and their elevations and locations 
were surveyed with RTK GPS. We calculated base flow depth to water table for each 
seedling by subtracting the water-table elevation surface from the seedling’s surveyed 
elevation. Plant height and basal area were recorded and frontal area (Ac; Equation 3.1) 
was calculated by the method described by Lightbody and Nepf  [2006] using a Canon 
Rebel XT digital camera, a blue background with a vertical and horizontal scale, and 
image processing in Adobe Photoshop and Matlab Image Analysis Toolbox. Difficulties 
in maintaining uniform photo conditions (e.g., lighting, camera angles) in the field result 
in error associated with this method of approximately 20% [Lightbody and Nepf, 2006].  
To measure root frontal area, we excavated a subset of seedlings (n = 34, n = 7, n 
= 9 for the BR, BWR and SMR, respectively; Table 3.2) chosen at random from the same 
population as pull-test seedlings by carefully digging around the seedlings and extracting 
them. Plants were laid as they appeared in situ on a blue background, and root frontal 
area was extracted using the photographic method described above, using total root 
frontal area as a metric of biomass. In addition, we determined the depth at which the 
highest root density occurs by binning root frontal area in 1 cm intervals [Pasquale et al., 
2011] and locating the maximum, thereby allowing us to evaluate whether the depth to 
the greatest root density influences uprooting susceptibility, as proposed byPasquale et 
al. [2012]. 
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3.2.3 Lateral Pull Test Experiments  
To address the challenge of measuring the forces associated with flood-induced 
seedling dislodgement, we used lateral pull tests [Stone et al., 2011; Peterson and 
Claassen, 2012] that mimicked high-flow conditions, while simultaneously being 
reproducible and mobile at the field sites, to measure the resistance of seedlings to 
uprooting (FR) by floods. To simulate the concentration of drag force below the leaves, 
near the base of the seedling, when riparian seedlings are submerged and bent [Wilson, 
2007], we attached a metal cord to a rope loop placed around the seedling base and 
uprooted the seedling laterally in the downstream direction. We uprooted seedlings using 
a hand winch (assisted by a PullPal counterweight for larger seedlings) anchored to a 
fencepost installed 2 m downstream of the plant (Figure 3.3). Exerted force was 
continuously recorded by an Omega environmentally protected load cell (445 or 2224 N 
depending on plant size; manufacturer reported error = 0.25%) attached to a Campbell 
CR800 data logger. The sediment in a one-meter radius around the base of each seedling 
was wetted prior to pull tests, using 30 L of water, to simulate subaqueous moisture 
conditions, although full saturation may not have been achieved. We tested 83, 73, and 56 
seedlings for the BR, BWR and SMR sites, respectively (Table 3.2). Seedlings 
experienced pronation (from vertical) of 76 ± 9°, consistent with flume measurements of 
seedling pronation during high flows [Manners et al., 2015].  
We calculated the resisting force, FR, as the horizontal component of the 
maximum pullout force. This entailed multiplying the maximum uprooting force, as 
determined using each force trace from the load-cell data, by cos(θ), where θ is the angle 
between the ground surface and the pronated plant, which we measured with a hand-held 
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Kranz inclinometer (Figure 3.3). This approach allowed us to compare resisting force to 
the horizontal component of drag force.  
To evaluate how scour depth influenced FR and to measure FR under Type I 
versus Type II conditions, we performed identical pull tests for seedlings chosen at 
random under conditions of simulated scour (n = 114, n = 16, n = 32 for the BR, BWR, 
and SMR sites, respectively; Table 3.2). These pull tests were otherwise identical to those 
performed on seedlings in intact sediment. Seedlings were assigned a scour depth (0.1, 
0.2, or 0.3, or 0.4 m) and prior to experimentation, we removed sediment in a one-meter 
radius around the base of each seedling until the assigned scour depth was achieved and 
conducted the pull tests as described previously. The one-meter radius was chosen to 
allow for digging down to 0.4 m depth without collapse, and for consistency among scour 
treatments. The 0.4 m treatment was only conducted at the BR site, and was therefore 
excluded from the statistical analyses. Sediment excavation completely uprooted some 
seedlings, resulting in zero force necessary for removal.  
 
3.2.4 Statistical Models 
To quantify the influence of multiple factors on FR, we developed linear mixed-
effects models [Crawley, 2007], treating site as a random factor to control for 
environmental differences between the three river environments (e.g., with regard to 
grain size, climate, discharge regime). We conducted analyses to examine (1) how FR 
varied with seedling morphology, water-table depth, scour depth (Type I versus Type II 
conditions), and species; and (2) how root morphology influenced FR.  
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Variables with non-normal residual distributions (seedling height, seedling frontal 
area, seedling diameter, and seedling root length) were log-transformed to satisfy residual 
assumptions. The response variable, FR, displayed increasing variance and a non-normal 
residual distribution and was therefore also log transformed. For seedlings that were 
completely excavated with zero applied force, we assigned them a nominal force of 1 N 
to accommodate the log transformation. In some cases, seedlings were inundated at base 
flow conditions, and therefore had a negative water-table depth. Because in the models, 
we considered water-table depth as a proxy for rooting depth, we assigned a value of zero 
for any negative values of water-table depth (i.e., inundated plants), assuming that any 
depth of standing water had effects on rooting depth comparable to fully saturated 
conditions. For all analyses, we used a likelihood-based approach to model selection, 
constructing alternative models from the variables of interest and comparing them via 
Akaike Information Criteria (AIC) and Akaike model weights [Burnham and Anderson, 
2002], such that we were not choosing the best predictors. The software R (version 3.1) 
was used for all statistical analyses, as well as for the Monte Carlo simulations described 
in section 2.5 [R Development Core Team, 2014]. 
To develop a general relationship between how FR varied with plant size, water-
table depth, and scour depth, we conducted an all-site analysis in which those variables 
were continuous predictors of FR, with site as a random factor in all candidate models. 
We repeated this analysis with the addition of species as a fixed factor, excluding the BR 
site, where the absence of Tamarix precluded testing of Populus – Tamarix differences.   
In specifying the candidate models, we used alternative measures of plant size (i.e., 
height, diameter and frontal area), but included only one of these collinear variables in 
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any candidate model. For model selection, we compared a full model with two-way 
interactions to all simpler models, and included a null model with only site as a random 
factor. This approach, by including multiple metrics of plant size, allowed us to 
determine which morphologic variable is most important in predicting FR.  
We conducted a parallel analysis for the subset of uprooted seedlings for which 
intact roots were salvaged. We predicted FR by candidate models that included root 
frontal area or root length, because of their correlation (R = 0.73; Table 3.3), depth to the 
greatest root density, and scour depth, with site as a random factor; the analysis was also 
repeated for the Arizona sites to test for Populus – Tamarix differences. We then 
included both salvaged pull test seedlings and excavated seedlings for which root 
morphology metrics were measured in analyses to relate the most influential root 
morphology metric, as determined here, to seedling size and water-table depth, with site 
as a random factor and, for the Arizona sites, species as a fixed factor. 
 
3.2.5 Uprooting Velocities 
As a means of evaluating seedling uprooting during floods, we calculated 
“uprooting velocity”, which we define as the minimum velocity necessary to overcome 
the seedlings’ resisting force and cause uprooting, and then compared these values to 
modeled or measured flood velocities for our field sites. We calculated uprooting velocity 
by equating FD (equation 1) and FR, then solving for Uc:  
Uc
 
= √
2∙𝐹𝑅
𝜌𝐶𝐷𝐴𝑐
 (3.2) 
where FR is based on measured values from pull tests, ρ is water density (1000 kg/m
3
), 
CD is drag coefficient, and Ac is frontal area. For CD we use a skewed-normal distribution 
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of possible CD values (mean 2, standard deviation 1.3, skewness parameter 10), based on 
literature values for the mode [Nikora et al., 2013] and skewed range [1–10; James et al., 
2004] of CD for seedlings and foliage. We measured Ac via photographic methods 
(section 2.2) and modified the resulting Ac values by a reduction coefficient to account 
for flow-induced pronation [Wilson, 2007] or streamlining of leaves [Wilson et al., 2008]. 
We used a normal distribution of possible reduction coefficients for Ac, with a mean of 
0.7 and ranging from 0.4 to 1.0 (standard deviation 0.08). These values are based on 
flume observations [Aberle and Järvelä, 2013; Jalonen et al., 2013; Whittaker et al., 
2013; Västilä and Järvelä, 2014] indicating that seedlings are most likely to reduce their 
frontal area during flood events to 70% of their unpronated frontal area (Ac), with 
variation around that value. We solved Uc (3.2) for each seedling using Monte Carlo 
simulations, whereby a value for the AC reduction coefficient and value for CD were 
selected randomly from the respective distributions for each seedling 1000 times. These 
values represent a population of seedlings that may uproot at different velocities, given a 
priori variability in FR combined with variability in hydraulic properties (flexibility, 
streamlining, 𝐶𝐷) that would be expected in a given population. 
To place our Uc population in context and to assess the range of flow magnitudes 
under which seedlings would uproot, we compared calculated Uc values to velocities 
representing field conditions. To estimate high-flow velocities for our field sites, we 
constructed 1D HEC-RAS 4.1.0 hydraulic models of the BR and SMR (Figure S2), and 
we used a calibrated HEC-RAS model (U.S. Army Corps of Engineers Hydrologic 
Engineering Center, 2009) for the BWR (Figure S3), for flood discharges with recurrence 
intervals of 2, 10, 20, and 100 years (i.e., Q2, Q10, Q20 and Q100). Details of methods used 
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in the HEC-RAS modeling are provided in Supporting Information The 1D modeling 
used here does not resolve cross-sectional variations in velocities, which are typically 
lower on bars where seedlings recruit. Therefore, we consider our modeled velocities to 
be upper bounds on conditions experienced by seedlings. We also compared calculated 
values to field velocities measured within vegetation patches on the BWR during a 69 
m
3
/s flow event in 2006 [Wilcox and Shafroth, 2013]. 
 
3.3 Results 
3.3.1 Effect of Seedling Morphology, Water-table Depth, Scour Depth, and Species on 
FR 
Measured pullout force (FR) was most strongly correlated with frontal area, 
height, basal diameter, and root frontal area, as indicated by Pearson correlation 
coefficients (Table 3.3). These various metrics of plant size, values for which are reported 
in Table S3.1, were also correlated with one another (R > 0.50; Table 3.3).  
Mixed-effects models (Tables S3.3, S3.4) showed that frontal area was the best 
metric of plant size in predicting FR. Frontal area increased pullout force (FR), in a power 
relationship (Figure 3.4a; Figure 3.5), and had the strongest effect on FR among variables 
tested. Scour depth acted to decrease FR (Figure 3.4b), and water-table depth acted to 
increase FR (Figure 3.5). Scour reduced FR the most for small seedlings and for seedlings 
with greater water-table depths, as indicated by the interaction terms (Figure 3.6a,b; 
Table S3.3).  
The analysis of the Arizona sites, which focused on elucidating differences in FR 
between Populus and Tamarix, showed that species had an additional effect on FR, 
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although the effect was smaller than that of frontal area, water-table depth, and scour 
depth. Populus required less force to uproot compared to Tamarix for a given size. The 
interaction between frontal area and species shows that FR varied more for a given size 
for Populus than for Tamarix (Figure 3.6c; Table S3.4).  
  
3.3.2 Effect of Root Morphology on FR 
Analyses of the effect of root morphology on pullout force, for the subset of 
uprooted seedlings that had intact roots, showed that FR was most strongly correlated 
with root frontal area (R = 0.80; Table 3.3). The best model predicting FR by root 
morphology differed slightly for the all-sites versus the Arizona-only analysis, with root 
frontal area having the largest effect on FR when all sites were considered (Table S3.5), 
and root length the largest effect on FR for the Arizona analysis (Table S3.6). Because 
root frontal area and root length were strongly and positively correlated, the analyses are 
consistent despite these differences (R = 0.64 Table 3.3; Figure 3.7). The Arizona 
species-difference analysis indicated a species-by-root-length interaction whereby root 
length had a larger effect on FR for Populus than for Tamarix (Figure 3.8a, Table S3.6). 
In our analysis relating the best root morphology predictor of FR to above-ground 
seedling size and to water-table depth (Tables S3.7, S3.8), interaction terms showed that 
for small seedlings, water-table depth had a larger effect on root morphology, with 
greater root frontal area and length coinciding with deeper water tables. For the Arizona 
sites (and considering species differences), the species effect indicates root length was 
smaller for Populus compared to Tamarix, and the interaction between water-table depth 
and species indicates that the root length varied more for Populus with water-table depth 
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than for Tamarix (Figure 3.8b). This is consistent with the findings (3.3.1) of lower FR for 
Populus than Tamarix and of a larger frontal area effect for Populus.  
 
3.3.3 Uprooting Susceptibility 
Comparison of calculated uprooting velocities (Uc) for our test seedlings to 
velocities modeled or measured at the field sites indicated that the majority of the 
population of seedlings would not be expected to uproot. The mean velocities modeled 
for flows ranging from Q2 to Q100 using HEC-RAS were as follows: 0.5–0.6 m/s for the 
BR, 0.9–1.4 m/s for the SMR, 1.6–3.3 m/s for the pre-regulation BWR, and 0.6–1.5 m/s 
for the post-regulation BWR (see Table S3.2; Figure S3.2c,d for BR and SMR velocity 
results, Figure S3.3b,c for BWR). Measured velocities at the BWR during a flood 
equivalent to a post-regulation Q10 in which seedling uprooting was documented were up 
to 1.3 m/s in vegetation patches [Wilcox and Shafroth, 2013], which is consistent with the 
mean modeled Q10 velocity (1.2 ± 0.2 m/s; Table 4; Figure S3).  
Calculated Uc values for the population of test seedlings are generally much 
greater than the modeled or measured velocities for our field sites, with mean Uc values 
of ~6 m/s for a no-scour, shallow water-table depth scenario (Figure 3.9; Table S3.9). 
When the maximum modeled velocities are considered (Q100), the pre-regulation BWR 
maximum modeled velocity could uproot a large proportion of seedlings under a no-
scour, shallow water-table-depth scenario, with fewer seedlings susceptible to uprooting 
with increasing water-table depths. Post-regulation at the BWR and at the SMR, most 
seedlings would not be expected to uproot unless subjected to scour (≥ 0.3 m) and/or 
under shallow water-table-depth scenarios. For the BR, where modeled velocities are 
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lower, seedlings would not be expected to uproot unless subjected to ≥ 0.3 m of scour. 
This analysis shows that, even given uncertainty in expected velocities and hydraulic 
conditions at the sites, seedlings are highly resilient to uprooting across a range of high 
flows and reinforces the importance of scour in uprooting.  
 
3.4 Discussion 
3.4.1 Controls on Seedling Uprooting Dynamics 
Uprooting thresholds for pioneer woody seedlings are a function of a seedlings’ 
resisting force (FR) against flood drag forces (FD). Our pull-test experiments quantified 
both above- and below-ground aspects of how and why seedlings thus become more 
resilient to uprooting as they grow, as well as providing insight into the role of sediment 
scour in predisposing seedlings to uprooting. We showed that pullout force increases in a 
power relationship to above-ground frontal area, a relationship that can be explained by 
the increase in root mass (i.e., root frontal area) and root length with increasing frontal 
area (Figure 3.7). We also illustrated that scour depth and water-table depth had 
additional, opposing effects on FR (Figure 3.5). Scour depth was the only variable that 
decreased FR and had a larger effect for small seedlings (Figure 3.5). Resisting forces 
(FR) increased with increasing water-table depth. Thus, seedlings are expected to be most 
susceptible to uprooting when they are small, experience scour, or have shallow root 
systems. 
The positive effect of water-table depth on FR was confirmed by our root 
morphometric analysis that found root frontal area and root length to be the best 
predictors of FR, and the effects of each were conditional on water-table depth. Root 
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length and root density have been proposed to influence seedlings’ susceptibility to 
uprooting and loss [Crouzy and Perona, 2012; Pasquale et al., 2014]. We find evidence 
that root mass and root length are important in setting the initial FR of a seedling in the 
absence of scour, which is proportional to the size of the seedling, and on water-table 
depths. We did not find, however, that root density influenced FR, as has been proposed 
based on a field experiment using Salix cuttings [Pasquale et al., 2012]. This may reflect 
differences in root density for seedlings recruited from seeds as opposed to grown from 
cuttings. 
Comparisons of Populus and Tamarix showed that FR was lower and varied more 
with both plant size (frontal area) and root length for Populus than for Tamarix (Figure 
3.8). As obligate phreatophytes, Populus rooting depths are sensitive to water-table 
dynamics [ Karrenberg et al., 2002; Stella et al., 2010], whereas Tamarix are considered 
faculative phreatophytes and likely grow deep roots independently, and less in response 
to environmental cues [Busch and Smith, 1995]. This difference in water-table sensitivity 
has been postulated to explain the vulnerability of native obligate phreatophytes such as 
Populus to flow regulation, which may change water-table dynamics and therefore root 
characteristics [Rood et al., 2010]. Our finding that root length is a primary predictor of 
FR suggests that species-based differences in root length have implications for the 
vulneribility of Populus to flood flows compared to Tamarix. Populus may achieve 
deeper rooting depths than Tamarix, however, if floods recede at rates that promote 
Populus recruitment (e.g., the “recruitment box model”; Mahoney and Rood, 1998).  
When we placed FR in the context of uprooting susceptibility (i.e., Uc) for a 
population of seedlings with variable drag properties by setting FR equal to drag forces, 
46 
 
we found large values of Uc that, for the majority of the population of seedlings under 
conditions of no scour, are greater than modeled velocities at the sites across a range of 
flood magnitudes. This suggests that seedlings would be stable (Uc > flood velocities) 
under most conditions in the absence of scour and / or unless seedlings were shallowly 
rooted. Extreme floods (e.g., Q100) would be expected to produce substantial bar erosion 
and channel reorganization sufficient to produce widespread uprooting in both sand- and 
gravel-bed systems. 
Cross-section averages of velocities derived from 1-D modeling provide a 
simplified perspective on the velocities experienced by seedlings at the scale of 
individual plants or patches or plants on bars. Topographic steering and form roughness 
from bars, the plants themselves, instream wood, or other roughness sources [Dietrich 
and Smith, 1983; Lightbody and Nepf, 2006; Legleiter et al., 2011; Shields and Alonso, 
2012; Brown and Pasternack, 2014; van de Lageweg et al., 2014], as well as turbulent 
fluctuations around the mean velocity [Lapointe, 1992; Lawless and Robert, 2001], 
would cause plant-scale velocities to deviate from cross-section averages. Comparison of 
our modeled cross-section average velocity for the BWR with measurements within and 
around vegetation patches for a comparable flow in our study reach [Wilcox and 
Shafroth, 2013], however, shows that these modeled (cross-section average) and 
measured (plant-scale) velocities are similar, lending confidence in the relevance of the 
modeled velocities. Local-scale velocity complexities, which could be better captured 
using multidimensional morphodynamic modeling, are unlikely to change the overall 
findings here: that the majority of a population of seedlings is expected to be resilient to 
uprooting from drag forces alone.  
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Seedling size has been proposed as a determinant of whether or not scour is a 
prerequisite for seedling uprooting [Edmaier et al., 2011], with Type I uprooting 
applying to young/small vegetation and Type II to older and larger plants. Our analysis, 
however, indicates that Type I uprooting may be exceedingly rare, even for young 
seedlings. We did not measure first season seedlings (< 1 yr.), but given the recruitment 
strategy of Salicaceae, seedlings are unlikely to experience flood flows following 
recruitment, and survival of their first year is strongly dependent on drought conditions [ 
Johnson, 2000].  
 
3.4.2 Analysis of Local versus Reach-Scale Scour Mechanisms 
Our findings regarding the fundamental importance of scour in dictating 
uprooting thresholds raise the question of whether local scour caused by vortices around 
plants (Type IIa) versus bar-scale sediment transport (Type IIb) is more likely to 
contribute to plant uprooting. We did not test Type IIa versus Type IIb scour mechanisms 
experimentally, so here we propose back-of-the-envelope calculations to evaluate their 
potential relative importance in seedling uprooting.  
One approach to estimating the potential depth of scour associated with Type IIa 
scour is to apply scour algorithms developed for bridge piers [Sheppard and Miller, 
2006] to seedlings. Seedlings have a more complex morphology and rigidity than 
cylinders [Järvelä, 2005; Wilson, 2007; Chapman et al., 2015], such that plant 
streamlining, pronation, and flexibility would be expected to reduce scour compared to 
that predicted using bridge-pier algorithms, but there is no consensus on a scour 
algorithm for flexible plants [Yager and Schmeeckle, 2013]. We developed a back-of-the-
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envelope estimate of the scour magnitude that a seedling may induce through local 
vortices using the Florida Department of Transportation bridge-pier scour calculator. As 
input we varied grain size from 1 to 50 mm, used the mean seedling diameter as the 
obstruction diameter, and assumed a high approach velocity of 3 m/s (Figure 3.10), This 
approach suggested scour associated with stem-related vortices around seedlings (Type 
IIa) would occur to only very small depths (≤ 2.5 cm). This magnitude of scour is far 
lower than our scour treatments showed is needed to increase uprooting susceptibility (at 
least 0.3 m) and is thus unlikely to affect uprooting, with the exception of first-season 
seedlings (<1 yr) smaller than those tested.  
The finding that Type IIa scour may be minimal suggests that instead, bar- and 
reach-scale sediment transport dynamics (Type IIb removal) may be more likely to 
dictate the magnitude of scour required to uproot seedlings with established root systems. 
Determining under which flow conditions plants and the bars on which they reside would 
experience erosion to scour depths of greater than 0.3 m (the amount our experiments 
indicated predisposes plants to uprooting) would require multidimensional 
morphodynamic modeling, as with treatment of local-scale velocity variations discussed 
above. As a simpler measure of the likelihood of bars to experience scour sufficient to 
facilitate seedling uprooting (Type IIb scour), we calculated the Shields number (τ
*
) at a 
dominant Q to evaluate bed mobility [Church, 2006]. The Shields number represents the 
capacity of a river to move its sediment at a specified discharge and is defined as:  
𝜏∗ =
𝜏𝑜
(𝜌𝑠−𝜌)𝐷𝑔
  (3.3) 
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where τo is the boundary shear stress, ρs and ρ are the density of the sediment and water, 
respectively, D is the median grain size of the bed material, and 𝑔is acceleration due to 
gravity. We assume ρs of 2700 kg/m
3
. Values of τ
* 
in excess of 0.03–0.045 tend to result 
in sediment mobility and transport. Church [2006] proposes that channels can be 
classified based on their propensity to mobilize their beds, as indicated by bankfull 
Shields number (τ
*
bf). Labile channels are those that can easily mobilize their beds at 
most flows and have τ
*
bf > 1; threshold channels, in contrast, experience flows capable of 
mobilizing their bed material less frequently and tend to have τ
*
bf  ≤ 0.03 [Church, 2006]. 
We use HEC-RAS results to determine Shields number at our field sites for two 
discharges that may be considered “dominant,” the Q2 and Q10, recognizing the 
subjectivity in identifying a channel-forming discharge [Doyle et al., 2005]. In many 
settings the Q2 may be similar to Qbf [Andrews, 1980], which Church [2006] uses as the 
dominant discharge, whereas in dryland systems, such as the American Southwest, larger 
events (i.e., Q10) may be more relevant [Tooth, 2000]. Our analysis of the bankfull 
Shields number shows that the SMR is labile (τ
*
 at Q2 = 1.4, τ
*
 at Q10 = 2.2) and can 
therefore achieve scour more easily than the threshold BR (τ
*
 at Q2 = 0.01, τ
*
 at Q10 = 
0.02). The BWR is transitional between threshold and labile conditions at Q2 (τ
*
 = 0.37), 
possibly as a result of dam-induced coarsening and reduction in the Q2 discharge, but is 
labile at Q10 (τ
*
 = 1.03). 
 
3.4.3 Field Observations of Seedling Uprooting 
Widespread seedling uprooting has been observed at one of our sites, the 
regulated Bill Williams River, under environmental flow releases from an upstream dam 
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that are large within the context of regulated flow regimes (~Q1.5–Q20) but small relative 
to historic floods [Wilcox and Shafroth, 2013]. Flow releases on the BWR are managed to 
encourage recruitment of native Populus and Salix, and baseflows are elevated compared 
to pre-regulation discharge levels. Proliferation of beaver in some reaches of the Bill 
Williams has further raised the water table [Andersen et al., 2011]. These conditions may 
have offsetting effects on uprooting susceptibility in this system: on the one hand, 
elevated baseflows may increase growth rates, and therefore above-ground frontal area 
and FR, but on the other hand, elevated water-table levels may limit rooting depths, thus 
increasing uprooting susceptibility during subsequent high-flow releases. The fact that 
seedling uprooting occurred during modest floods can be interpreted in the context of our 
experiments to suggest that in the BWR case, Shields numbers during floods were high 
enough to cause sufficient sediment scour that seedlings were highly susceptible to 
uprooting, reflecting a combination of the floods’ magnitudes and the bed-material size, 
and that uprooting susceptibility was exacerbated by the high water-table levels in the 
BWR. 
On the Bitterroot River, in contrast, our field observations during this study 
indicated that seedlings were stable for a Q2 flow. Bed-material is larger and water table 
is lower on the BR than on the BWR, such that a Q2 would not have produced sufficient 
scour to promote uprooting on the BR. At our third site, the Santa Maria River, we lack 
the pre- and post-flood observations needed to document seedling uprooting. The labile 
nature of the SMR and the prevalence of unvegetated bar areas in years after which 
floods are known to have occurred suggest that seedling uprooting, likely in concert with 
bar-scale scour, is not uncommon in this system. More generally, seedling uprooting 
51 
 
reflects the frequency of bed mobility and the depth of scour on bars achieved during 
floods, whereby uprooting may be more frequent in labile channels and less likely to 
occur within threshold channels, where only infrequent, large-magnitude floods may 
result in seedling uprooting.  
  
3.5 Conclusions 
Whether or not seedlings are uprooted during flood events can set the subsequent 
course of channel and riparian ecosystem evolution. The likelihood of seedlings growing 
large enough to resist flood forces, stabilize bars, and trigger other morphodynamic 
feedbacks depends on the relative timescale of scour-inducing floods compared to that for 
successful recruitment and establishment of seedlings (e.g., 2–5 years), which can occur 
following smaller floods [Camporeale and Ridolfi, 2010; Crouzy and Perona, 2012].   
Here, we found FR to depend largely on seedling size. Water-table depth and root 
length covaried and increased FR. The effect of water-table depth on root length and FR 
was greater for Populus compared to Tamarix. Scour depth was found to be the only 
factor to shift the force balance toward the propensity for uprooting, suggesting that drag 
force alone is unlikely to uproot seedlings under a wide range of conditions. We conclude 
that Populus and Tamarix seedlings across a range of hydrogeomorphic conditions are 
resilient to uprooting in the absence of sediment transport that is sufficient to 
substantially expose roots. This magnitude of scour is more easily achieved in labile, 
sand-bed channels than in threshold channels, where flow events that mobilize competent 
bed materials are less frequent.  
These findings illustrate the constraints on the scour depths and velocities 
required to uproot seedlings. As such they have applications for designing flow-
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management strategies to promote either tree establishment or, conversely, seedling 
scour. For example, the differing relationship we observed between water-table depth, 
root length, and FR, for Populus versus Tamarix, could be exploited by designing 
regulated flows to maximize recruitment of Populus by encouraging high root growth 
rates while maintaining the appropriate drawdown rates [Stella et al., 2010]. More 
generally where management seeks to increase survival and establishment of planted or 
naturally-recruited seedlings, measures to reduce substrate scour (e.g., location of 
plantings or placement of roughness objects), as well as flow releases timed and paced to 
promote establishment of deep roots, may increase success. Flow releases on regulated 
rivers aimed at uprooting nuisance vegetation (e.g., to maintain floodway clearance or 
promote open wildlife habitat on sandbars) must be of a magnitude and duration capable 
of mobilizing substrate within vegetated areas. 
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Tables 
 
Table 3.1 Summary of conditions at each field site. 
Parameter Bitterroot River (BR) Bill Williams River (BWR) Santa Maria River (SMR) 
Hydrology unregulated snowmelt dam-regulated dryland unregulated dryland 
Bed material gravel sand and fine gravel sand 
Climate dry sub-humid arid/sub-arid arid/sub-arid 
Pioneer woody 
species 
Populus trichocarpa, 
Salix exigua 
Populus fremontii, Salix 
gooddingii, Tamarix ramosissima 
Populus fremontii, Salix 
gooddingii, Tamarix ramosissima 
Groundwater seasonally variable elevated/near surface seasonally variable 
Drainage area 
(km
2
) 
6500 12000 3700 
Median grain size 
(mm) 
23
*
 2.6 0.77 
*
Grain size data are presented in Figure S1. 
 
Table 3.2 Sample sizes (n) for seedling pull tests and excavations. 
Experiment Type Populus Tamarix 
 BR 
Scour Depth (m) 
0 83 NA 
0.1 34 NA 
0.2 33 NA 
0.3 34 NA 
0.4 13 NA 
excavated 34 NA 
 
BWR 
Scour Depth (m) 
0 39 34 
0.2 8 8 
excavated 1 6 
 
SMR 
Scour Depth (m) 
0 28 28 
0.2 15 6 
0.3 6 5 
excavated 5 4 
*
Pull tests were conducted for different scour depths, and a subset of seedlings were excavated;  
Data Set S1. 
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Table 3.3 Pearson correlation coefficients between seedling variables with correlations > 
0.5 (moderate correlation) italicized and those > 0.7 (strong correlation) in bold. 
1
Root variables (root frontal area, depth to highest root density, and root length) were measured for 
excavated plants and for intact uprooted plants. 
 
  
Parameter 
Pullout 
force 
(N) 
Frontal 
area 
(m
2
) 
Height 
(m) 
Basal 
diameter 
(m) 
Depth 
to 
water 
table  
(m) 
Scour 
depth 
(m) 
Root 
frontal 
area
1 
(m
2
) 
Depth to 
highest 
root 
density
1 
(m) 
Root 
length
1 
(m) 
Pullout force 
(N) 
1 0.66 0.55 0.58 0.11 0.26 0.80 0.41 0.38 
Frontal area 
(m
2
) 
  1 0.48 0.56 0.02 0.04 0.72 0.30 0.41 
Height (m)     1 0.62 0.57 0.09 0.73 0.33 0.50 
Basal diameter 
(m) 
      1 0.24 0.07 0.60 0.31 0.49 
Depth to water 
table (m) 
        1 0.27 0.24 0.03 0.25 
Scour depth 
(m) 
          1 0.09 0.16 0.19 
Root frontal 
area (m
2
) 
            1 0.36 0.64 
Depth to 
highest root 
density (m) 
              1 0.22 
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Figures 
 
 
Figure 3.1 Conceptual model of seedling uprooting, whereby river flow subjects a 
seedling to a drag force (FD) which, if it is greater than the resisting force of the roots and 
substrate (FR), uproots the seedling. Scour may reduce FR, lowering FD required to uproot 
a seedling. After Edmaier et al. [2011]. 
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Figure 3.2 Study sites for seedling-uprooting pull tests: (a) the Bitterroot River (BR), 
Montana; (b) the regulated Bill Williams River (BWR), Arizona; and (c) the Santa Maria 
River (SMR), Arizona, which is an unregulated tributary to the BWR; Bing Imagery. 
 
 
 
 
Figure 3.3 Experimental pull test setup as implemented in the field. Seedlings were 
pronated and θ measured (with respect to horizontal) and uprooted using a hand winch 
from manually saturated sediments. The maximum pullout force, Fapplied, was recorded 
using a load cell and data logger. The horizontal resisting force, FR, was calculated as the 
horizontal component of the applied force (inset). 
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Figure 3.4 Pullout force (FR) as a function of (a) frontal area for the no-scour-treatment 
seedlings by site and (b) frontal area and scour depth for the BR site. Scour depth 
decreased FR for a given site. 
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Figure 3.5 Perspective plots of factor interactions for the all-site mixed model (all 
species pooled, and sites as a random factor) predicting pullout force (FR). Panels show 
(a) scour depth and frontal area, holding water-table depth constant at the midpoint of its 
range,  and (b) water-table depth and frontal area, holding scour depth constant at the 
midpoint of its range. Pullout force increased with frontal area and water-table depth, but 
decreased with scour depth.  
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Figure 3.6 Interaction effects of (a) frontal area-scour depth and (b) water-table depth-
scour depth for the all-site model. Scour reduced FR more for seedlings with small frontal 
areas (a) and large water-table depths (b). Panel (c) shows the species-specific effect of 
frontal area on pullout force (FR) for the Arizona sites. Pullout force varied more for 
Populus than for Tamarix (c). 
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Figure 3.7 Root frontal area as a function of (a) above-ground frontal area and (b) root 
length. The seedlings with the largest above-ground frontal area have the largest below-
ground frontal area and root length. 
 
 
Figure 3.8 Interaction between (a) species and root length holding scour depth constant 
at the midpoint of its range for the model predicting pullout force (FR) as a function of 
root length for the Arizona sites indicates root length had a larger effect on FR for 
Populus compared to Tamarix The interaction between (b) species and water-table depth 
for the model predicting root length as a function of water-table depth indicates water-
table depth had a larger effect on root length for Populus compared to Tamarix. 
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Figure 3.9 Uprooting velocity (Uc) as a function of (a) scour depth and (b) water-table 
depth with the entire Monte Carlo population (squares) and partial effect (solid line) and 
prediction interval (95%; bold lines) shown. An increasing proportion of the population 
would have Uc values less than maximum modeled values at the sites (horizontal lines) 
with increasing scour depth. The pre-regulation maximum velocity at the BWR 
(velocity
1
) would have uprooted a proportion of the population for all scour depths and 
water-table depths, but the reduction in flow velocities post regulation (velocity
2
) would 
allow only a small proportion of the population to uproot. With increasing scour depths, 
lower velocity events (e.g., Q2 – Q10, velocity ⋍ 0.5 – 1.0 m/s) would be able to uproot an 
increasing proportion of the seedling population. The partial effect of water-table depth 
(b) remains above modeled and measured velocities for the majority of seedlings, 
regardless of flow, with the exception of shallowly-rooted seedlings or for the pre-
regulation BWR velocity. 
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Figure 3.10 Histogram of (a) seedling diameters with the mean (1.2 cm) indicated with 
the dashed blue line; (b) Local scour modeled by inputting the mean seedling diameter 
into the FDOT Scour Calculator  that uses a modified Sheppard and Miller [2006] 
equation designed to calculate equilibrium bridge-pier scour for grain sizes ranging from 
1 to 50 mm. The presence of the seedlings obstructing flow and inducing scour results in 
at most a few centimeters of scour.  
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Chapter 4 
Riparian trees as ecosystem engineers: 
Using ground-based and airborne LiDAR 
to measure how vegetation influences 
channel morphology 
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Abstract  
Coupling between riparian vegetation and river processes can result in the 
coevolution of plant communities and channel morphology. Quantifying the impact of 
riparian vegetation on processes remains difficult, because of the challenges in making 
and analyzing appropriately scaled observations. We seek to quantify the influence 
vegetation has on channel topography by using a multi-scale, mechanistic approach in a 
sand-bedded system (Santa Maria River, AZ) with native Populus and invasive Tamarix, 
whereby we link the topographic signature associated with vegetation to plant 
morphology and hydraulic characteristics at the patch and reach scale. We use ground-
based LiDAR to observe plant/patch-scale vegetation structure and associated 
depositional (“tail bar”) features. We find vegetation roughness density (λf) to most 
influence the shape and volume of sediment deposited because of vegetation interacting 
with flow. We combine the ground-based LiDAR results with reach-scale airborne 
LiDAR-based observations to examine how conclusions depend on data scale and 
resolution. Reach-scale data show that increased elevation within the channel (relative to 
the local mean) covaries with a metric of vegetation density, supporting the notion that 
vegetation density has a large impact on vegetation channel engineering. However, key 
elements of the nature of the relationship between vegetation density and topography, 
which were illustrated by the ground-based LiDAR, could not have been quantified from 
the reach-scale analysis alone. Our study quantifies how vegetation engineers channels 
and informs both flume- and reach-scale studies by highlighting the need to represent 
field-appropriate conditions for the former, and mechanistically link vegetation 
morphology to topography for the latter. 
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4.1 Introduction 
Riparian vegetation and river processes are tightly coupled in many systems [e.g., 
Tal et al., 2004]. Plant communities and channel form, along with the strength and 
direction of feedbacks among biotic and abiotic processes, coevolve [e.g., Corenblit et 
al., 2007; Tal and Paola, 2007]. As vegetation establishes along rivers following 
disturbances, channels shift their planform from braided, where physical processes 
dominate [Gran et al., 2015], to fixed forms (multithread, anabranching, or meandering) 
because of the presence of vegetation that increases bank-strength and interacts with 
hydraulics [e.g., Tal et al., 2004; Braudrick et al., 2009; Davies and Gibling, 2011; Gran 
et al., 2015]. Where establishment of vegetation occurs roughly at the same pace as 
channel reworking (e.g., erosion of vegetation patches and deposition of new bars), 
vegetation-morphodynamic feedbacks are likely enhanced, because neither biotic nor 
abiotic factors dominate [e.g., Corenblit et al., 2007; Gran et al., 2015].  
In channels with vegetation-morphodynamic feedbacks, plant- or patch-scale 
alteration of hydraulics and sediment transport [e.g., Chen et al., 2012; Nepf, 2012] may 
result in topographic changes [Yager and Schmeeckle, 2013; Maity and Mazumder, 2013;  
Ortiz et al., 2013; Manners et al., 2015]. Vegetation-influenced topographic features have 
been observed in a range of climatic and geomorphic settings. For example, tear-dropped 
shaped “tail bars” form in the lee of vegetation [Figure 4.1; Gurnell, 2002; Tooth and 
Nanson, 2000; Kleinhans and Van den Berg, 2011] in the  perennial, wandering gravel-
bed Tagliamento River, Italy [Gurnell and Petts, 2006] and in the ephemeral, 
anastomosing sand-bed Marshall River of arid central Australia [Tooth and Nanson 
2000]. In such rivers, vegetation and related topographic forms may act as channel-
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forming elements that influence reach-scale morphoydnamics, just as smaller channel-
forming elements, such as grains, bedforms, and bars, influence reach-scale morphology 
and processes [Church, 2006]. We lack a quantitative and mechanistic understanding, 
however, of how vegetation alters in-channel topography at the plant- and patch-scale 
(i.e., 10
0
 –10
1
 m), or what impact these effects have on reach-scale (i.e., 10
2  
– 10
4
 m) 
topography and dynamics [Brasington et al., 2012].  
Here, we seek to address this gap by investigating two questions. First, how does 
vegetation, at the scale of individual plants or patches of plants, influence channel 
topography? Second, what influence do these patch-scale features (vegetation and 
topography) have on reach-scale processes? These questions are addressed in the context 
of three objectives: 1) to quantify the plant- and patch-scale topographic signature 
induced by the presence of vegetation; 2) to determine which parameters best describe 
the signature; and 3) to characterize the reach-scale impact of patch-scale vegetation 
engineering. We use methods operating at two scales that allow for coupling of high-
resolution measurements of vegetation structure and topography. For the plant and patch 
scale, we use Terrestrial Laser Scanning (TLS), and for the reach scale we use Airborne 
Laser Swath Mapping (ALSM). By using these two methods (TLS and ALSM), we can 
test the tradeoff between the resolution and time required to acquire and post process TLS 
versus the information gained by TLS compared to ALSM. Using TLS, we quantify the 
plant- and patch-scale topographic signature induced by the presence of vegetation 
(objective 1) and characterize the vegetation structure of plant/patches altering 
topography. We determine which parameters best describe metrics of the topographic 
signature using statistical analyses (linear models; objective 2). With ALSM and spatial 
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statistics, we characterize the reach-scale signature of vegetation and topography, and 
compare these observations to predictions derived from our plant/patch-scale 
observations, and make inferences for the relative important of different features on 
channel processes (objective 3). 
 
4.2 Plant Effects on Hydraulics 
This section provides background for our analyses by reviewing the pertinent 
hydraulics and turbulent structures induced by vegetation within flows, drawing and 
building on Nepf et al.’s [2013] review of coherent flow structures in vegetated channels. 
Insights from flume studies provide a basis for predicting which vegetation and flow 
parameters are most important for altering topography and for developing hypotheses 
concerning the geometry of vegetation-related topographic features given a set of 
vegetation and flow parameters.  
The influence of vegetation on fluvial topography arises from alteration of the 
flow field and formation of turbulent structures that influence sediment transport. 
Riparian plants, either individually or in patches, generate shear layers at their boundaries 
with open water that in turn create vortices responsible for changes in local velocity that 
affect shear stress and sediment transport [Nepf, 1999]. Flow separation produces 
coherent flow structures that may have a steady (constant velocity) and/or oscillating 
wake, depending on the turbulence (Reynolds number), drag coefficient (shape-
dependent, CD) [Middleton and Wilcock, 1994], and vegetation properties [Nepf et al., 
2013]. Turbulent structures, and associated deposition within vegetation patches [Zong 
and Nepf, 2010], can resemble tail-bar features [Chen et al., 2012; Ortiz et al., 2013]. 
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The vertical exchange of momentum that influences vertical sediment exchange is 
controlled by canopy-scale turbulence [Nepf et al., 2013]. Canopy-scale turbulence 
emerges, and in turn influences fine sediment deposition, where the roughness density 
(λf), defined as frontal area of a plant or patch per bed area (m
2
/m
2
), is above 0.1. For λf  < 
0.1, a rough turbulent boundary layer is maintained, and canopy-scale coherent structures 
are absent [Nepf et al., 2013]. We therefore predict, all else being equal, that tail bars 
should contain more sediment for λf  > 0.1. 
In addition to vertical sedimentation processes, a zone of recirculation forms 
behind an obstruction, followed by a von Karman vortex street (i.e., swirling, repeating, 
vortices; Figure 4.1). The porosity of trees or patches influences how much flow passes 
through the plant or patch (bleed flow) [Nepf et al., 2013]. Bleed flow delays the onset of 
the von Karman vortex and increases the length of the low, steady-velocity wake region 
(L1) behind the patch (Figures 4.1, 4.2). Sediment deposition within the wake region can 
occur because mean velocity and turbulence are decreased over  L1 [Ortiz et al., 2013]. 
This wake region resembles tail bars observed in the field.  
Chen et al. [2012] identified the relationship between plant size and porosity and 
the geometry of the wake region. They found that the length scale, L1, is related to the 
flow blockage factor (CDaD), a proxy for how much bleed flow occurs, where a is frontal 
area per canopy volume (m
-1
) and D is the patch diameter (m) [Chen et al., 2012]. Drag 
coefficient (CD) varies with Reynolds number and morphology of the canopy, but CD = 1 
is a good first-order approximation [Nepf et al., 2013]. If patch-scale turbulence is low 
(CDaD < 4), the normalized geometry, L1/D, of the patch-scale wake can be predicted by 
flow and vegetation properties, where:  
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L1/D = 10(2 - 0.25CDaD)/(CDaD) (4.1) 
For high patch-scale turbulence (CDaD > 4), L1/D = 2.5. If vegetation is extremely 
dense (CDaD > 8), the vegetation patch acts like a solid body (no delay of the von 
Karman vortex street) [Chen et al., 2012; Nepf et al., 2013], and no tail-bar deposition 
should occur. In addition to canopy- and patch-related turbulence, the stems themselves 
generate vortices with a lengthscale proportional to the stem diameter, d. For sparse 
vegetation (f  < 0.06), bleed flow that produces the steady-wake behind a patch is not 
present, and interaction between individual stem-scale vortices would dictate turbulence 
and associated sediment deposition [Nicolle and Eames, 2011; Nepf et al., 2013]. 
From flume studies, we thus expect λf  and CDaD to be important predictors of tail bar 
morphology, and we expect a specific relationship between CDaD and the normalized 
geometry, L1/D , using tail-bar length as a proxy for L1 (Figure 4.2). 
 
4.3 Methods 
4.3.1 Field Site and Target Vegetation 
We completed field studies on the Santa Maria River, AZ (Figure 4.3), an 
unregulated sand-bedded river populated by pioneer riparian trees that are representative 
of many Southwest systems: native Populus and invasive Tamarix [Shafroth et al., 1998]. 
Particularly in dryland regions, cottonwood (Populus spp.) serve as the foundation 
species for the  most ecologically important deciduous forest ecosystem [Lytle and 
Merritt, 2004; sensu Ellison et al., 2005], although their recruitment has declined since 
the 20
th
 century in the southwestern U.S. [Cooper et al., 1999; Webb and Leake, 2006]. 
Tamarix  is now a dominant species across many Southwest rivers [Friedman et al., 
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2005]. Dams have reduced peak flows [Magilligan and Nislow, 2005; Graf, 2006] and 
sediment supply [Williams and Wolman, 1985] , creating conditions favoring recruitment 
of Tamarix over that of native woody tree species [Sher and Marshall, 2003; Stromberg 
et al., 2012]. The morphology of Tamarix may contribute to an enhanced ability to trap 
sediment [Everitt, 1980; Stromberg, 1998; Kui et al., 2014; Manners et al., 2015], such 
that, in concert with alteration of flow regimes, Tamarix invasion has resulted in 
widespread channel narrowing [Graf, 1978; Birken and Cooper, 2006; Manners et al., 
2014]. Populus seedlings have 5 times the biomass of Tamarix seedlings, but Tamarix 
seedlings may occur in greater numbers after recruitment events and are multi-stemmed 
[Sher et al., 2000]. Populus and Tamarix may therefore have different roughness 
densities (λf) and flow blockage factors (CDaD) that result in different effects on 
morphodynamics and channel topography.  
The unregulated nature and morphology (braided to wandering) [classification of 
Church, 2006] of the Santa Maria River, AZ suggest that it is likely in sediment 
equilibrium to surplus. In such systems, numerical modeling, flume, and field studies 
suggest that vegetation-morphodynamic interactions should be enhanced; i.e., biotic 
factors such as plant density may substantially influence hydraulics and sediment flux 
[Gran et al., 2015; Manners et al., 2015]. The confounding effects of species, vegetation 
encroachment, and changes in flow and sediment supply make it difficult to 
mechanistically link cause and effect relationships among plants and morphodynamics, 
particularly without improved understanding of the patch-scale processes that we 
document here. 
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4.3.2 Patch-Scale Topography and Morphology of Tail Bars 
To quantify vegetation structure and associated tail bar topography at high-
resolution (objective 1), we used Terrestrial Laser Scanning (TLS), or ground-based 
LiDAR. This tool provides a 3-D point cloud of both vegetation and topography at a 
higher density possible than by traditional field methods  (e.g., GPS) or ALSM [Heritage 
et al., 2007; Resop and Hession, 2010; Hohenthal et al., 2011; Brasington et al., 2012]. 
TLS has been used to characterize fine-scale roughness elements [Hodge et al., 2009] and 
vegetation architecture and effects on drag [e.g., Straatsma et al., 2008; Antonarakis et 
al., 2010; Manners et al., 2013]. Applications coupling vegetation and topography along 
rivers are limited, because of the difficulty in acquiring and manipulating datasets at the 
appropriate resolution, but TLS has been shown to be accurate and appropriate for 
coupled vegetation-river studies [Jalonen and Järvelä, 2014].  
At the field site (Figure 4.3), we targeted trees and patches of Populus and 
Tamarix of various growth stages (heights) that exhibited tail bar features for 
investigation for our patch-scale analysis (10
0
 –10
1
 m; Figure 4.4). These were found 
atop bars and were located within a greater reach, which was delineated based on 
relatively uniform channel width and morphology (10
3
 m; Figure 4.3) [Fryirs and 
Brierley, 2013]. 
Scans were conducted in cooperation with UNAVCO (http://www.unavco.org/; 
Boulder, CO) in April 2013 using a Riegl VZ-400 scanner with a range of 1.5 – 600 m 
and repeatability of 3 mm. For topography, we used multiple scan positions within areas 
of interest and merged them to reduce shadowing (Figure 4.5A, B). We positioned 
reflective targets outfitted with differential-grade Trimble GPS receivers throughout the 
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areas of interest for the duration of data collection that were used as reference points in 
RiSCAN Pro to merge and georeference the scans. We isolated ground points (~1,000 
pts/m
2
) by classifying them with LasTools [Isenburg, 2015; 
http://www.cs.unc.edu/~isenburg/lastools/] and filtering them with point-cloud-tools 
[Rychkov et al., 2012; https://code.google.com/p/point-cloud-tools/]. From ground points, 
we constructed high-resolution (0.10 m) digital elevation models (DEMs) in ESRI 
ArcGIS 10.1, from which tail bar morphometric variables (width, length, height, and 
distance to maximum height; Figure 4.4B) were measured by extracting cross sections 
with ArcGIS 10.1 3D Analyst toolbar (Figure 4.6). We ensured measurements from the 
DEMs were only conducted within the best-resolved portions, which were within the 
areas of interest (note the lack of ground points on scan-region boundaries seen as 
anomalously high regions of elevation in Figure 4.6). 
 
4.3.3 Patch-Scale Vegetation Structure 
We quantified vegetation structure with TLS to link tail bar morphometric 
variables to vegetation morphology and to test flume-derived predictions (objective 2). 
For vegetation structure, we positioned the TLS scanner upstream of the plant or patch 
and scanned at high resolution (0.005 m point spacing). We post-processed each scan in a 
manner similar to Straatsma et al. [2008], Antonarakis et al. [2010], Zheng and Moskal 
[2012], and Manners et al. [2013]. We classified and isolated vegetation with LasTools 
and cut each plant/patch into 0.2-m high, horizontal slices with CloudCompare 
[http://www.danielgm.net/cc/] (Figure 4.5C). Using an ArcGIS model, we created a 
cylindrical polar grid (2° radial lines; 0.2-m radius increments) for each patch with the 
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scanner location as the centrum, and created voxels in which hydrodynamic vegetation 
density (frontal area per volume, m
-1
) was calculated for each patch as a ratio between the 
number of laser pulses returned to total pulses emitted [Manners et al., 2013, Straatsma 
et al., 2008]. Hydrodynamic vegetation density is equivalent to the parameter a described 
above, from which we calculated flow blockage factor (CDaD) for each plant/patch by 
assuming CD = 1 [Nepf et al., 2013], and multiplying by the patch diameter, D. We 
calculated D for each plant/patch by calculating the average area occupied by the 
vegetation and assumed a circular geometry. We calculated roughness density (λf, m
2
/m
2
) 
by multiplying a (m
-1
) by the voxel height (0.2 m) and dividing by unit bed area, and 
vertical projected frontal area (Ac) by multiplying a by the voxel volume (Figure 4.5D). 
 
4.3.4 Reach-Scale Vegetation Structure and Topography 
In order to quantify the reach-scale relationships between vegetation and 
topography (objective 3), we used ALSM (Figure 4.3). ALSM was collected on July 31, 
2013 by NCALM using an Optech Gemini Airborne Laser terrain Mapper [Bywater-
Reyes and Wilcox, 2013]. Data were collected in NAD83, NAVD88, UTM Zone 12N. 
Relative accuracy (delta Z) was 0.037 ± 0.016 m. Absolute accuracy was 0.042 m. Total 
returns were 392,002,733 for the 40 km
2
 area of interest, with a point density of 3.92/m
2
. 
A 1-m bare-earth DEM was created from ground points by NCALM.  
To characterize reach-scale vegetation structure, we adopted an approach similar 
to Bertoldi et al. [2011]. Working on the gravel-bed Tagliamento River, Italy, Bertoldi et 
al. [2011] found correlations between vegetation density and topography at the reach 
scale. In contrast to Bertoldi et al. [2011], we use this analysis to inform reach-scale 
76 
 
statistical analyses predicting topography that we can compare with mechanistic patch-
scale observations. This allows us to test whether ALSM is adequate to characterize the 
impact vegetation has on reach-scale topography. 
We used FUSION [U.S. Department of Agriculture, Forest Service, Remote 
Sensing Applications Center; http://www.fs.fed.us/eng/rsac/] to create a canopy height 
model (CHM) and a vegetation density model (VDM). We created the CHM subtracting 
the ground elevation from returns and the VDM as the number of first returns divided by 
the total number of returns within a 5 m grid (appropriate for characterizing the canopy of 
Tamarisk and Populus) for points at least 1 m above the ground surface. The VDM is a 
relative metric of density and varies from 0 to 1.  
  To evaluate the influence of vegetation on fluvial topography at the reach scale, 
we detrended the bare-earth DEM by subtracting a DEM representing the channel slope 
from the bare-earth DEM. We used River Bathymetric Toolkit 3.7.5.0 
[www.essa.com/tools/RBT; McKean et al., 2009] in ArcGIS 10.1 to constrain the riparian 
channel corridor. We extracted all rasters (DEM, CHM, and VDM) by this riparian 
corridor mask. We calculated the standard deviation of elevation with respect to the local 
detrended elevation, calculated within a 5-m window. This allowed for comparison of 
vegetation metrics (CHM and VDM) to topographic properties (deviation from local 
mean and standard deviation from local mean) through hypsometric analysis of the 
riverbed (distributions of elevation by property; i.e., CHM and VDM).  
We regridded all reach-scale rasters to 5m resolution to ensure all were 
orthogonal and concurrent. We calculated the correlation between the reach-scale rasters 
using ArcGIS10.1 Spatial Analyst Band Collection Statistics. We aggregated detrended 
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elevation and standard deviation of detrended elevation based on vegetation height (> 0 
m, > 1 m, > 5 m, > 10 m) and density (> 0 %, > 25 %, > 50 %, > 100 %) classes and 
plotted their cumulative and relative frequencies (hypsometry). We compared the mean 
detrended elevation for aggregated classes using the most conservative multiple 
comparison test (Scheffé's S procedure, derived from the F distribution) in 
MatlabR2014b. This analysis allowed for a visual and initial comparison of topography 
by vegetation attributes and informed the spatial statistical analyses. 
Reach-scale features such as active channels and alternate bars are captured by the 
ALSM, whereas tail bars likely are not. To characterize the size of reach-scale bars, we 
conducted spectral analysis on the 1-m bare-earth ALSM DEM. Spectral analysis allows 
characteristic wavelengths of features to be extracted from high-resolution topographic 
data in an automated, unbiased way. Spectral analysis has also been applied to larger 
landscape problems, such as landscape evolution [Perron et al., 2008], landslide mapping 
[Booth et al., 2009], and fault mapping [DeLong et al., 2010], as well as fluvial [McKean 
et al., 2009; Podolak and Wilcock, 2013] and ecogeomorphic [Xie and Liu, 2010] 
applications. We used the two-dimensional discrete Fourier transform (2D DFT) and the 
two-dimensional continuous wavelet transform (2D CWT) from the Automated 
Landslide Mapping toolkit (ALMtools) of Booth et al. [2009; 
http://web.pdx.edu/~boothad/tools.html] within Matlab R2014b.  
We first calculated the Fourier power spectra (2D DFT) for characteristic features 
(bars versus active channels; Figure 4.3). Next, we normalized the bar spectra by the 
channel spectra to see over which frequency bands bar topography has concentrated 
spectral power [Booth et al., 2009]. The frequency at which peaks in the normalized 
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power occur can be interpreted as the characteristic wavelength of the bar feature(s). We 
repeated these steps using the 2D Mexican hat wavelet (2D CWT) that can be interpreted 
in a similar manner as the Fourier spectra, except the wavelet transform effectively 
smooths peaks in the spectrum [Booth et al., 2009].  
 
4.3.5 Statistical Analyses 
We used statistical models to 1) investigate scaling relationships between tail bar 
morphometric variables (tail bar length, tail bar width, tail bar height, and distance to 
maximum tail bar height; Figure 4.4B) (objective 1); 2) determine which vegetation 
morphologic parameters (λf; CDaD, patch diameter, patch height, species) best predicted 
tail bar morphometric variables (objective 2); and 3) to determine reach-scale 
relationships between vegetation structure (CHM and VDM) and topography (detrended 
elevation; objective 3). We used general linear models for analyses and used a likelihood-
based approach to model selection, constructing alternative models from the variables of 
interest and comparing them via Akaike Information Criteria (AIC) and Akaike model 
weights [Burnham and Anderson, 2002]. Plausible models are considered those that have 
AIC difference from the best model (∆AIC < 4; sensu Richards [2005]). Statistical 
models were conducted with R [R Development Core Team, 2014].  
For objective 1, we constructed candidate models predicting tail bar length with 
each other tail bar morphometric variable (tail bar width, tail bar height, and distance to 
maximum height) to characterize the morphology and overall geometry of deposition 
induced by the presence of vegetation. Candidate sets included a null model and the 
addition of species. 
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For objective 2, we first explored general trends in how vegetation morphologic 
parameters (λf; CDaD) varied with patch height and patch diameter. We constructed 
candidate models for each tail bar morphometric variable (tail bar length, tail bar width, 
tail bar height, and distance to maximum tail bar height) predicted by different vegetation 
morphology variables (λf; CDaD, patch diameter, patch height), only including one 
vegetation variable in each candidate model because of correlation between variables. 
Candidate sets included a null model and the addition of species. Additionally, we tested 
the relationships between normalized tail bar morphometric variables (tail bar length/tail 
bar width, tail bar length/patch diameter) and vegetation morphology variables (λf; CDaD, 
patch diameter, patch height) to test flume-derived predictions. For tail bar length/patch 
diameter, patch diameter was excluded from candidate sets. Candidate sets included a 
null model and the addition of species. 
For objective 3, we defined a parameter, “environmental elevation”, as the bare-
earth elevation minus the detrended elevation. This elevation is the residual elevation that 
is not reflecting within-reach variation in river morphology, but rather the longitudinal 
gradient of elevation throughout the study site. We constructed sets of linear models 
predicting detrended elevation by either CHM or VDM, with the addition of 
environmental elevation and a null model. We characterized the spatial autocorrelation 
structure of model residuals by conducting empirical semi-variogram analysis, where the 
squared differences between observations are plotted against their separation distances 
using the geoR package in R. The spatial autocorrelation was modeled by comparing the 
empirical semi-variogram with theoretical semi-variograms (spherical, exponential, 
Gaussian). We subsampled the data by randomly extracting 200,000 pixels and recreated 
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the linear models (we ensured the subsample models were consistent with those 
constructed from the entire dataset by AIC ranking and model inspection) and updated 
the linear models with the spatial autocorrelation parameters obtained from the best fit, 
and compared AIC values for all subsampled models [Zuur et al., 2009]. We chose to 
subset based on computation limitations (memory allocation). 
 
4.4 Results 
4.4.1 Scaling Relationships between Tail Bar Morphometric Variables 
Tail bars were on average 0.3 m high, 2.9 m wide, and 7.6 m long (Table 4.1; 
Table S4.1). Pearson correlation coefficients (Table S4.2) indicated that many of the bar 
morphometric and vegetation morphology variables have very strong correlations with 
one another (R > 0.70). The strongest correlations between tail bar morphometric 
variables (analysis 1; objective 1) included tail bar length and tail bar width (R = 0.88) 
and tail bar length and distance to maximum tail bar height (R = 0.85). Bar height was 
not strongly correlated with other bar morphometric variables, and was thus not included 
in candidate models predicting tail bar length (Table S4.2, Table S4.3). Tail bar length 
increased linearly with tail bar width (Figure 4.7A) and distance to maximum height 
(Figure 4.7B). Likely models (∆AIC < 4) that included species indicate tail bars 
associated with Tamarix were shorter than those downstream of Populus.  
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4.4.2 Patch-scale Vegetation Morphology and Relationships with Tail Bar 
Morphometric Variables  
Populus exhibited a morphology with a distinct canopy, whereas Tamarix were 
shrubby, with biomass distributed evenly above the ground. This is seen as a more 
gradual increase in λf and CDaD with height above the bed for Populus compared to 
Tamarix, which quickly reaches its maximum value, although Populus sample size was 
limited (Figure 4.8). Linear models testing how average λf increased with patch height 
and patch diameter showed that average λf increased exponentially (log-transformed λf) 
with patch height (Figure 4.9A; Table S4.4) and linearly with patch diameter (Figure 
4.9B; Table S4.4). Patch averages of λf were all greater than 0.1 (Figure 4.9A; Table 
S4.1), a threshold above which canopy-scale turbulence is expected to increase fine 
sediment deposition within patches [Nepf et al., 2013].  
Flow blockage factor (CDaD) ranged between 0.04 and 0.25 (Figure 4.8B). This 
range of CDaD (< 4) is indicative of low patch-scale turbulence according to flume 
relationships, and therefore we expect the length of tail bars (proxy for L1) to scale with 
patch diameter and hydraulic properties [Chen et al., 2012]. Average CDaD increased 
weakly with patch height, but the null model was equally supported (∆AIC < 4; Table 
S4.4). Cumulative Ac ranged from 0.20 to 8.37 m
2 
(Figure 4.8C; Table S4.1). Likely 
models (∆AIC < 4) that included species indicate a higher average λf  and CDaD for 
Tamarix compared to Populus (Table S4.4). 
Tail bar morphometric variables were all strongly correlated with λf  and CDaD (R 
> 0.60; Table S4.2). Tail bar width (Figure 4.10) and tail bar height were additionally 
very strongly correlated with patch diameter (R = 0.75 and R = 0.82, respectively), and 
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tail bar height with patch height (R = 0.74). All tail bar morphometric variables except 
distance to maximum height were best predicted by λf, although models including CDaD 
and species were also likely (∆AIC < 4; Table 4.2). The best model predicting distance to 
maximum height was CDaD, but models including λf and species were also likely (∆AIC 
< 4; Table 4.2). Likely models (∆AIC < 4) for tail bar height and distance to maximum 
tail bar height additionally included patch diameter. The coefficients for models that were 
likely (∆AIC < 4) and included species indicate all morphometric variables associated 
with Tamarix were smaller than those associated with Populus, with the exception of tail 
bar height (Table 4.2). 
The relationships between normalized tail bar morphology and vegetation 
morphology variables (λf; CDaD, patch diameter, patch height) indicated tail bar 
length/width was not strongly correlated with any variables (Table S4.2). Tail bar 
length/width was best predicted by patch height, with the ratio decreasing with increasing 
patch height (Table S4.5). Bars associated with Tamarix had smaller length/width ratios 
compared to Populus in a likely model (∆AIC < 4; Table S4.5). 
Bar length/patch diameter was very strongly correlated with distance to maximum 
bar height (R = 0.78), strongly correlated with bar width (R = 0.57), and weakly 
correlated with CDaD (R = 0.35) and λf  (R = 0.38; Table S4.2). Although bar length/patch 
diameter displayed a linear relationship with CDaD and λf , the null model was 
indistinguishable to models including CDaD or λf (Table S4.5). The values of bar 
length/patch diameter, a proxy for L1/D, were less than those studied in Chen et al. 
[2012], and the relationship between L1/D and CDaD was positive rather than negative 
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(Figure 4.11; Table S4.5). Tamarix decreased bar length/patch diameter in likely models 
(∆AIC < 4; Table S4.5). 
 
4.4.3 Reach-scale Vegetation Properties and Topography  
 Pearson correlation coefficients between rasters indicated very strong correlations 
between CHM and VDM (R = 0.70), a moderate correlation between the bare-earth DEM 
and VDM (R = -0.47), and weak correlations between the bare-earth DEM and CHM (R 
= -0.40) and detrended DEM and VDM (R = 0.29) (Table S4.6).  
The hypsometry of the riverbed by vegetation height class derived from the CHM 
indicated subtle differences in the mean detrended bed elevation and standard deviation 
of bed elevation by height class (Figure S4.1). Vegetated regions had a higher mean 
detrended bed elevation compared to the bare channel, with the exception of the >0 to 1m 
and >10 m classes. The classes including smaller vegetation height (>0 to >5 m) 
exhibited a broader range of increased elevation compared to the largest height class (>10 
m). The mean standard deviation of detrended bed elevation was higher for all vegetation 
height classes compared to the bare channel. Mean detrended elevations were different 
between all groups (Sheffe’s multiple comparison test; p < 0.001), with the greatest 
differences for the 1–5 m and 5–10 m height classes compared to the bare channel (0.69 
± 0.03 lower and 0.43 ± 0.02 m higher than the bare channel, respectively; Table S4.7). 
The 1–5 m class had the largest mean detrended elevation followed by the 5–10 m class 
(Table S4.7).  
Vegetation density classes derived from the VDM by detrended bed elevation 
(Figure 4.12a) and standard deviation (Figure 4.12b) indicate vegetated regions occupied 
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a larger proportion of higher elevations (Figure 4.12c) and had higher standard deviations 
(Figure 4.12d). Vegetated areas across all density classes had a positive elevation 
difference compared to the bare channel, ranging from 0.58 ± 0.01 m to 0.98 ± 0.02 m for 
>0 to 100 % density. Mean elevation increased with increasing density (Table S4.3).  
The previous analysis showed that mean detrended elevation varied by aggregated 
vegetation parameter class, but with a lot of variability about the mean as indicated by the 
standard deviations (Tables 4.3). The residuals of the null model predicting detrended 
elevation indicate increasing autocorrelation until distances ~ 1700 m (the range; Figure 
S4.2). The empirical semivariogram was best modeled by an exponential theoretical 
semivariogram (Figure S4.2). Inclusion of the spatial autocorrelation structure improved 
all models (Table 4.4). Detrended elevation was best predicted by the model including 
VDM and VDM plus environmental elevation with the spatial autocorrelation structure 
incorporated (Table 4.4). The hypsometric analysis indicated mean detrended elevation 
increased with increasing VDM class. The relationship with CHM was less clear; some 
classes had lower mean detrended elevations, whereas others had higher (Table S4.7). 
The mixed effects model results are consistent with the hypsometric analysis, but 
inconsistent with the patch-scale analysis that found λf rather than height to best predict 
topography.  
The ALSM spectral analyses (DFT and CWT) indicate that bars had increased 
spectral power at lower frequencies compared to the channel (Figures 4.13, S4.3, S4.4). 
The normalized spectra (DFT and CWT) indicate that bars had increased power at 
wavelengths of ~8–16 m, and Bar 1 had an additional peak in power at a wavelength of 
~3 m (Figures 4.13, S4.3, S4.4). The larger wavelength is indicative of the wavelength of 
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the bars, whereas the smaller wavelength is likely the vegetation-related features (tail 
bars). Bars 2 and 3 did not display the smaller wavelength feature, although vegetation-
related topography was observed at Bar 3 (Figures S4.3, S4.4). Only the largest 
vegetation-induced topographic features were captured by high-resolution ALSM. 
 
4.5 Discussion 
4.5.1 Patch-scale Influence of Vegetation on Topography  
Vegetation-related topographic features exhibited scaling relationships, such that 
the length of tail bars increased with width and distance to the maximum height of the 
bar. Tail bar width and length were on average a few to ten meters, and with average 
height less than 0.5 m. Most metrics of bar size were best predicted by λf, which is a 
metric comparable to ones used in flume studies to predict the changes in hydraulics 
induced by vegetation but that is difficult to measure for multi-stemmed vegetation 
morphologies in the field [e.g., Tamarix; Manners et al., 2013]. This vegetation 
morphology metric (λf) was strongly correlated with others, such that the larger the patch 
(in terms of width and height), the higher λf  and CDaD. In general, these results suggest 
that tail bar width, length, and height increase with the size and density of the patch 
forming the bar, resulting in larger volumes of sediment being deposited behind larger 
(taller, wider) vegetation patches. The vegetation patches themselves attained up to ~8 m
2
 
cumulative vertical projected frontal area, Ac. There was not a consistent, unambiguous 
effect of species on tail bar morphometric variables or vegetation properties, but our 
sample size of Populus was small. Species may still be important, because recruitment 
success, growth rates, maximum size, and density of plants differ between Tamarix and 
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Populus [Sher and Marshall, 2003], which may ultimately lead to different arrangements 
of vegetation properties within channels, and thus engineering through sediment 
accumulation. 
When tail bar morphometric variables were normalized, conforming either to field 
[tail bar length/tail bar width; Tooth and Nanson, 2000] or flume [tail bar length/patch 
diameter; Chen et al., 2012] studies, we found tail bar length/tail bar width to be related 
to patch height, and generally found values consistent with previous field studies [e.g., 
Schnauder and Moggridge, 2009; Tooth and Nanson, 2000]. We also found a positive 
relationship between tail bar length/patch diameter (a proxy for L1/D) and vegetation 
properties (CDaD and λf), whereas flume-derived predictions show a negative relationship 
with increasing CDaD.  
Our values of CDaD are much lower than those tested in the flume study of Chen 
et al. [2012] that used artificial vegetation, but consistent with values measured for 
Populus and Tamarix [Griffin et al., 2005; Manners et al., 2013; Manners et al., 2015]. 
The values of CDaD represented by many flumes studies are not representative of values 
observed in the field [but see Manners et al., 2015]. We postulate that the geometry of 
tail bars scales positively with patch diameter and hydraulic properties if patch-scale 
turbulence is extremely low (CDaD < 1; Figure 4.12), based on the CDaD values observed 
in this study. The ranges of CDaD tested by Chen et al. [2012] were higher than those 
found at our field site, suggested that flume-derived prediction (equation 4.1) is 
inappropriate. An experiment of flow around circular arrays of cylinders suggests at these 
low blockage values, the steady wake shear region (Figure 4.1) does not form, and that 
interacting stem-scale turbulence is present [Nicole and Eames, 2011]. The low CDaD 
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values and deviation of the vegetation patches at the site from rigid cylinders make it 
difficult to predict the distribution of velocities responsible for tail bar deposition and 
highlight a potential direction for future flume studies.  
 
4.5.2 Reach-scale Signature of Vegetation on Topography   
The patch-scale analysis suggests sediment accumulation increased with patch 
density and height, which were inter-correlated. The relationship between vegetation and 
topography derived from ALSM for the reach-scale was inconsistent depending on the 
analysis. Mean detrended elevation increased with VDM class, whereas the relationship 
with CHM classes was inconsistent and nonlinear. The linear mixed effects models for 
objective 3 showed that detrended elevation was best predicted by models that included 
the spatial autocorrelation structure of residuals and VDM.  
These results corroborate the patch-scale analysis, but they also do not stand 
alone. If the spatial autocorrelation were not included in the model, an inappropriate 
predictor would potentially be determined. Furthermore, if only reach-scale ALSM were 
available from which to quantify the signature of channel engineering from vegetation, 
the geometry of vegetation-related landforms would be overlooked. The increase in 
elevation with VDM is additionally compromised by confounding factors, such as the 
initial recruitment and subsequent survival of vegetation on river bars that are higher than 
the main channel.  
The VDM density metric obtained from ALSM is a top-down, relative metric, and 
cannot be directly compared to the TLS method used that quantified vegetation structure 
in a manner suitable for understanding its influence on flow. Implementing the TLS scans 
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and post processing workflow, although time consuming, provided information about the 
amount of topographic change induced by vegetation and which vegetation parameters 
were most influential in channel engineering. 
 
4.5.3 Influence of Vegetation and Associated Topographic Forms on Reach-scale 
Processes 
In sand-bedded rivers with a braided morphology, such as the Santa Maria, 
vegetation and related topographic forms are superimposed on top of larger bars, all of 
which contribute form stresses (𝜏𝐹) that decrease the shear stress available for sediment 
transport. The impact of channel-forming roughness elements, such as vegetation, bars, 
and bedforms, on channel morphodynamics, and therefore morphology, can be inferred 
by comparing the stress partitioning caused by the various elements to the skin friction 
that is available for sediment transport (𝜏𝑆𝐹; also often referred to as grain stress) [Kean 
and Smith, 2006]. The proportion of the total boundary shear stress (𝜏𝑜) consumed by 
form stresses can be represented as the fractional form stress, or a ratio between drag on 
elements within the channel (𝜏𝐹) to 𝜏𝑜 [Yager et al., 2007]. Form stresses (𝜏𝐹) are 
proportional to the vertical projected frontal area, Ac, of an object exposed to flow 
according to the drag law [Wu et al., 1999], whereas 𝜏𝑜 is proportional to the depth-slope 
product of a given flow event [Middleton and Wilcock, 1994]. 
In braided rivers, where width-to-depth ratios are large and subsequently flow 
depths are shallow, roughness elements within the channel may have a large effect on 
flow and sediment transport dynamics. From our spectral analysis, we determined that the 
characteristic wavelength of alternate bars was ~8-16 m and that of tail bars ~3 m 
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(consistent with our patch-scale analysis). Alternate bar height is a few meters, whereas 
tail bar height was typically less than 0.5 m. Thus, from Ac estimates we infer bars are the 
largest channel-forming roughness element within the channel, whereas tail bars, 
although smaller than the bars, are larger than other channel-forming elements such as 
grains and bedforms. Vegetation patches atop bars and forming tail bars reached several 
to ten m
2
, and thus have a larger impact than grains and bedforms on stress partitioning, 
with their total impact depending on the flow depth (Figure 4.8C). We can infer that with 
increasing flow depth, a larger proportion of vegetation is submerged, and thus 𝜏𝐹  from 
vegetation increases with flow depth. Form stresses from vegetation-induced topography 
may be proportionally more important at lower flow depths when vegetation 𝜏𝑇 is lowest. 
Combined, these features (vegetation and associated topographic forms) are likely 
responsible for a large proportion of 𝜏𝐹   within vegetated, braided channels. 
 
4.6 Conclusions  
Riparian trees, via their effects on hydraulics and sediment erosion and 
deposition, can influence channel morphology and thereby act as ecosystem engineers. 
Quantifying such effects in field settings has been challenging, however, which we 
address here by taking advantage of the capacity of TLS and ALSM to measure 
vegetation’s influence on topography at high resolution and at multiple scales. The 
engineering potential of vegetation in terms of sediment deposition was best predicted by 
a TLS-derived vegetation morphology parameter, roughness density (λf), which cannot be 
derived from high-resolution ALSM. Our results showed that tail bar morphology was 
poorly predicted by flume-derived relationships, which do not appear to be representative 
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of the vegetation conditions (pioneer woody vegetation) at the field site. Our patch-scale 
observations are consistent, however, with other studies of tail-bar-like features [e.g., 
Tooth and Nanson, 2000; Schnauder and Moggridge, 2009]. These discrepancies across 
scales highlight the still-present gap in making appropriate observations in the field and 
representing field-appropriate conditions in the flume. 
Our patch-scale observations aid in explaining patterns seen at the reach scale in 
this study as well as in systems such as the Tagliamento River [Bertoldi et al., 2011]. 
Topographic deviation from local mean detrended elevation increased most with an 
airborne LiDAR-derived metric of vegetation density, with the densest portions of the 
channel greater than 1 m higher than the bare channel. Reliance on the reach-scale ALSM 
analysis alone, however, would have failed to capture important dynamics illustrated by 
the TLS analysis, including the shape of the topographic features, interrelationship 
between vegetation morphometric variables, and relationship with flume-derived 
predictions. 
 Topographic features induced by the presence of vegetation are superimposed 
onto larger bars have a characteristic length scale larger than other channel-forming 
roughness elements, including grains and bedforms, with associated influences on shear 
stress partitioning, flow steering, and reach-scale dynamics. At shallow flow depths (<1 
m), the topographic features themselves likely exert a strong control on reach-scale 
hydraulics, whereas the influence of vegetation likely becomes more prevalent as water 
depth increases above the topographic features. For the densest patches, cumulative 
frontal area is of the same order of magnitude as that of alternate bars. Our work extends 
understanding of plant-morphodynamic feedbacks, which have largely been based on 
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flume studies, to field conditions and the scale of individual plants, patches of plants, 
bars, and reaches, by using novel methods that allowed us to make observations of 
vegetation’s influence on topography at an appropriate scale and resolution. 
 
List of variables 
a: frontal area per canopy volume or TLS-derived hydrodynamic roughness density (m
-1
) 
Ac: vertical projected frontal area (m
2
) 
CD: drag coefficient  
CDaD: flow blockage factor 
CHM: canopy height model (m) 
D: patch diameter (m) 
DEM: digital elevation model 
L1: length scale of steady-wake region behind porous vegetation patch (m) 
λf : roughness density; frontal area of a plant or patch per bed area (m
2
/m
2
) 
𝜏𝐹: form stress (N/m
2
) 
𝜏𝑇: total boundary shear stress (N/m
2
) 
𝜏𝑆𝐹: skin friction or grain stress (N/m
2
)  
VDM: vegetation density model (0-1) 
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Tables 
 
Table 4.1 Mean and standard deviation for patch morphology and tail bar morphometric 
variables.  
 Mean ± Standard Deviation 
Patch Height (m) 4.8 ±1.5 
Average CDaD
a 0.09 ±0.05 
Patch Diameter (m) 3.11 ±1.07 
Average λf
b 0.21 ±0.11 
Cum. AC
c
(m
2
) 1.41 ±1.99 
Distance to Max. Height (m) 2.90 ±2.52 
Bar Height (m) 0.28 ±0.16 
Bar Width (m) 2.90 ±2.19 
Bar Length (m) 7.6 ±6.1 
Bar Length/ 
Patch Diameter 
2.39 ±1.24 
Bar Length/Bar Width 2.48 ±1.05 
a
Flow blockage factor 
b
Roughness density 
c
Cumulative vertical projected frontal area 
 
Table 4.2 Likely models (∆AIC < 4) predicting each tail bar morphometric variable by 
vegetation morphology variables and the least likely model (below dashed line). 
 Coefficient(s)  AIC Ranking 
Rank Intercept λf CDaD 
Patch 
diameter 
(m) 
Patch 
height 
(m) 
Species: 
Tamarix 
 AIC ∆AIC 
AIC 
Weight 
tail bar length (m) 
1 -0.17 42.95      108.30 0 0.53 
2 5.39  78.34   -6.13  110.29 1.99 0.19 
3 2.07 39.52    -3.04  110.31 2.01 0.19 
10 8.11    0.80 -5.21  124.22 15.92 0.00 
tail bar width (m) 
1 -0.66 17.45      60.70 0 0.83 
2 -0.36 17.13    -0.28  63.91 3.21 0.17 
10 4.67     -2.10  85.76 25.06 0.00 
tail bar height (m) 
1 0.04 1.21      -26.73 0 0.38 
2 -0.10   0.12    -26.03 0.7 0.27 
3 -0.03 1.28    0.07  -24.45 2.29 0.12 
4 -0.20   0.13  0.08  -24.22 2.51 0.11 
5 0.06  2.41     -23.11 3.62 0.06 
10 0.34     -0.08  -8.69 18.04 0.00 
distance to maximum tail bar height (m) 
1 0.15  29.27     84.57 0 0.41 
2 0.10 13.69      84.94 0.37 0.34 
3 1.06  28.60   -1.01  87.31 2.75 0.1 
4 0.06 13.73  0.04    88.30 3.73 0.06 
10 2.78    0.19 -0.94  95.52 10.95 0.00 
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Table 4.3 Group means and standard deviation of detrended elevation aggregated by 
density class. 
Group Mean (m) 
Standard 
Deviation 
bare channel
b,c,d,e 
-0.48 1.12 
>0 to 25%
a,c,d,e 
0.10 1.04 
>25 to 50%
a,b,d,e 
0.26 1.02 
>50 to 75%
a,b,c,e 
0.35 1.02 
>75%
a,b,c,d 
0.49 0.87 
a
Statistically different from bare channel 
b
Statistically different from >0 to 25% 
c
Statistically different from >25 to 50% 
d
Statistically different from >50 to 75% 
e
Statistically different from >75% 
 
 
Table 4.4 Summary results for statistical analysis 3, showing likely (∆AIC < 4) 
predictors of detrended elevation. Both likely models included vegetation density 
(VDM). 
 Coefficient(s)  AIC Ranking 
Rank Intercept 
Environmental 
elevation (m) 
CHM (m) VDM 
exponential 
spatial 
autocorrelation 
 AIC ∆AIC 
AIC 
Weight 
1 6.12   0.0019 included  10627.33 0.00 0.69 
2 54.32 -0.13  0.0019 included  10628.92 1.59 0.31 
11 1.93  -0.010  excluded  2938.68 653.59 0.00 
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Figures 
 
Figure 4.1 Conceptual model showing the formation of tail bars behind individual trees. 
Upstream, flow separation leads to downward-directed vortices responsible for scour. A 
patch of emergent vegetation of diameter (D) delays the onset of the von Karman vortex 
street such that a steady-wake region forms. Velocity within the wake (U1) is decreased 
relative to the upstream velocity (U∞), such that sediment is deposited to form a tail bar. 
The length scale of the steady wake (L1) is related to the flow blockage factor (CDaD), 
which is vegetation-morphology dependent.  
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Figure 4.2 Illustration of hypothesized relationship between vegetation structure and tail 
bar morphology, where tail bar length is a proxy for the length scale of the steady wake 
(L1). For CDaD < 4, the normalized geometry of the wake (L1/D) is expected to scale with 
the vegetation and hydraulic properties.  
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Figure 4.3 A) Digital elevation model derived from airborne LiDAR (1-m resolution) of 
the multi-thread Santa Maria River, AZ study reach, with ground-based LiDAR areas of 
interest indicated with the white stars. B) Aerial photograph of same study reach 
illustrates the occurrence of riparian vegetation atop bars and adjacent to the active 
channel. Ground-based LiDAR areas of interest (stars 1–3) displayed tail bar features, 
and were atop bars used for airborne LiDAR spectral analysis (boxes). 
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Figure 4.4 Photographs of A) Populus trees exhibiting scour upstream and tail bar 
deposition downstream and B) Tamarix patch exhibiting tail bar deposition, with tail bar 
morphometric variables indicated. Distance to maximum height is from the vegetation 
patch to the height measurement. 
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Figure 4.5 A) Mature Tamarix exhibiting a tail bar that was scanned at multiple angles 
with a Riegl VZ-400 to create a point cloud representation of the scene (B). Digital 
elevation models were created from ground points. C) Vegetation patches were scanned 
from upstream, and 20-cm slices were created from which D) vertical projected frontal 
area (AC) and other vegetation-morphology metrics were calculated. 
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Figure 4.6 Digital elevation models (10-cm) of A) area 1, B) area 2, and C) area 3, with 
vegetation patch-grids overlain from which vegetation-morphology metrics were 
calculated. Lines indicate locations of cross sections from which tail bar morphology was 
determined. Results for each patch are shown in Table S4.1. 
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Figure 4.7 Scaling relationships showing the linear relationship between tail bar length 
as a function of A) tail bar width and B) distance to maximum height.  
 
 
 
 
Figure 4.8 Depth-dependent roughness density (λf), B) average flow blockage factor 
(CDaD), and cumulative vertical projected frontal area (Ac) for analyzed vegetation 
patches.  
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Figure 4.9 A) Average roughness density (λf) as a function of A) patch height and B) 
patch diameter, exhibiting an exponential relationship with patch height and linear 
relationship with patch diameter.  
 
 
 
Figure 4.10 Tail bar width as a function of A) flow blockage factor (CDaD) , B) 
roughness density (λf), and C) patch diameter (D). 
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Figure 4.11 Bar length/patch diameter (L1/D) as a function of flow blockage factor 
(CDaD) from Chen et al. (2012; squares) with the tail bar length/patch diameter from this 
study shown with circles.  
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Figure 4.12 Cumulative histogram of A) detrended bed elevation and B) standard 
deviation of bed elevation by density class. The probability frequencies reveal C) a larger 
proportion of high detrended bed elevations for vegetated areas and D) higher standard 
deviation for vegetated areas.  
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Figure 4.13 A) Discrete Fourier Transform (DFT) power spectra of Bar 1 and the bare 
channel, and B) Bar 1 DFT normalized to the bare channel spectrum, showing increased 
power at spatial frequencies of 0.06, 0.13, and 0.32 1/m. The C) Continuous Wavelet 
Transform (CWT) spectra of Bar 1 and the bar channel show a similar, but smoother 
trend, with a D) peak in normalized frequency of 0.07 1/m. 
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Chapter 5 
Sensitivity of channel-bend hydraulics 
influenced by vegetation 
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Abstract 
 Alternating bars influence hydraulics by changing the force balance of channels 
as part of a morphodynamic feedback loop that dictates channel geometry. Recruitment 
of pioneer woody riparian vegetation is tightly coupled with bar building, yet the 
influence of vegetation on changing bend hydraulics and forces is unresolved. We use a 
two-dimensional hydraulic model that accounts for vegetation drag to test the sensitivity 
of channel-bend hydraulics to riparian vegetation for a wandering gravel-bed river with 
bars (Bitterroot River, MT). A global sensitivity analysis of bend hydraulics under varied 
model parameters, including channel characteristics (channel drag and lateral eddy 
viscosity) and vegetation characteristics (density, frontal area, and vegetation drag 
coefficient) shows vegetation parameters have nearly as great of an influence on bend 
hydraulics as channel drag. A calibrated model for the Bitterroot River, MT with varied 
vegetation parameters on a bar shows vegetation slows flow upstream of the bar, creates 
concentrated flow paths adjacent to the vegetation patch, steers the high-velocity core of 
flow toward the cutbank, and creates a large gradient in cross-stream velocity. We find 
that for greater plant size and density, channel hydraulics and the force balance are 
increasingly altered from an unvegetated condition. We hypothesize that a feedback in 
channels with vegetated bars exists that includes vegetation pushing flow toward the 
opposite bank, increased bank erosion at the mid- and downstream end of the bend, but 
also increased rates of bar accretion through reduction in velocity over the bar that would 
result in additional topographic steering and morphodynamic adjustments. 
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5.1 Introduction 
The floodplains and riparian zones of meandering and wandering rivers support 
ecologically important habitat [Thorp et al., 2010] and human communities that in turn 
may influence channel dynamics by altering banks, sediment supply, and vegetation 
[Gregory, 2006]. Understanding channel-bend dynamics, which influence flood potential, 
channel morphology, and channel migration rates, therefore has ecological and societal 
significance. 
Bars are known to alter force balances in rivers by inducing topographically-
induced convective accelerations [Dietrich and Smith, 1983] that influence boundary 
shear stress [Dietrich and Whiting, 1989] and sediment transport fields [Dietrich and 
Smith, 1983; Nelson and Smith, 1989; Legleiter et al., 2011]. The effect of vegetation on 
bars in steering flow and altering force balances has not been explicitly considered, 
however, in spite of advances in understanding the reciprocal interactions between 
riparian vegetation recruitment and river processes [Corenblit et al., 2007; Schnauder 
and Moggridge, 2009; Osterkamp and Hupp, 2010; Gurnell, 2014]. Riparian vegetation 
recruits on river bars [Mahoney and Rood, 1998; Amlin and Rood, 2002; Karrenberg et 
al., 2002] and changes local hydraulics [Rominger et al., 2010; Nepf, 2012] and sediment 
transport conditions [Yager and Schmeeckle, 2013; Manners et al., 2015], resulting in a 
tight coupling between the recruitment and growth of woody riparian vegetation and bar 
building [Bendix and Hupp, 2000; Dean and Schmidt, 2011] that can impact rivers at 
multiple scales [Osterkamp et al., 2011; Curran and Hession, 2013].  
Here we aim to bridge understanding of both channel-bend processes and of 
vegetation effects on morphodynamics. We postulate that the recruitment of vegetation 
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on river bars may affect bar and meander dynamics by steering flow, which may have 
direct implications for the morphodynamic evolution of vegetated channels. We use a 
multidimensional hydrodynamic model to: 1) quantify the impact vegetation may have on 
channel-bend hydraulics in comparison to other channel properties by ordering the 
importance of channel and vegetation parameters on bend hydraulics with a global 
sensitivity analysis, and 2) quantify the impact vegetation has on hydraulics in a channel 
bend of a wandering, mixed sand and gravel-bed river, and what impact these changes 
have on the force balance of the bend. We find vegetation drag parameters to be nearly as 
influential as other channel characteristics in dictating channel-bend hydraulics, and 
predict vegetated bars within bends to alter channel geometry and rates of bar building 
and bank erosion. 
 
5.1.1 Geomorphic and Ecological Framework  
Alluvial river morphology arises because of complex interactions between flow 
and sediment transport dynamics [Leopold and Maddock, 1953; Leopold and Wolman, 
1957; Church, 2006] that are directly dependent upon the hydraulics [Wilcock et al., 
2009] and local force balance of the channel [Legleiter et al., 2011]. Channels with 
meandering to wandering planforms are characterized by relatively small width-to-depth 
ratios [Kleinhans, 2010; Métivier and Barrier, 2012] as a result of cohesive banks [e.g., 
Pollen-Bankhead and Simon, 2009] that decrease lateral migration rates [e.g., Gran et al., 
2015] necessary for maintaining meandering [e.g., Tal et al., 2004; Braudrick et al., 
2009; van Dijk et al., 2013]. The presence of riparian vegetation, or some form of bank 
cohesion, is a prerequisite to maintaining meandering. The effect of vegetation on 
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altering bank strength and shifting channel morphology from braided to fixed forms has 
been relatively well-studied, including flume [Gran and Paola, 2001; Tal and Paola, 
2007; Braudrick et al., 2009; van Dijk et al., 2013], numerical [Murray and Paola, 2003], 
and field approaches [Gran et al., 2015]. Bank vegetation (and/or cohesion) thus sets the 
stage for a specific suite of channel morphologies, particularly meandering to wandering 
channel types with relatively small width-to-depth ratios.  
In these channel types (meandering to wandering), alternate bar patterns are 
ubiquitous features [Whiting and Dietrich, 1991] and emerge because of the nonlinearity 
in sediment transport rate as a function of shear stress [Kleinhans, 2010], the patterns of 
which are directly related to channel width-to-depth ratios [Kleinhans and van den Berg, 
2011; Eekhout et al., 2013]. Bar theory shows that alternate bars form even in straight 
channels, but subsequent bank erosion is required to create a meander, after which bend 
theory shows that locations of point bars are dictated by channel curvature [Ikeda et al., 
1981]. River bars are a fundamental component of alluvial river channel morphology 
[Church and Rice, 2009], and impose a feedback loop, whereby they steer flow away 
from the bar via “topographic steering” [Nelson and Smith, 1989] that affects sediment 
transport in a manner that maintains bars, but also limits their growth [Dietrich and 
Whiting, 1989; Nelson and Smith, 1989; Legleiter et al., 2011]. In these channel types, 
where bank cohesion is known to be a first-order control on planform and width-to-depth 
ratios, bars with the appropriate conditions for recruitment of in-channel pioneer 
vegetation are present. 
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5.1.2 Modeling Channel-bend Processes  
Although vegetation mediates channel geometry [e.g., Eaton and Giles, 2009], 
bend hydraulics, and meander dynamics [Nicholas et al., 2013; Eke et al., 2014], in 
computational modeling of flow and sediment transport its effects are often ignored or 
simulated with quasi-physical or rule-based approaches. Reduced-complexity models 
approximate the physics of flow and sediment transport, and have successfully 
reproduced many of the features observed in real channels influenced by vegetation [e.g., 
Murray and Paola, 2003]. Reduced-complexity models can be heavily dependent upon 
initial conditions, however, and they do not allow for a physics-based investigation of 
vegetation-flow interactions. Two-dimensional models that use shallow-water equations 
and often sediment transport relations provide an appropriate alternative [Pasternack, 
2011; Nicholas et al., 2013; Tonina and Jorde, 2013]. 
Some studies have used two-dimensional models to investigate channel-bend 
dynamics. Nicholas et al. [2013] simulated bar and island evolution in large anabranching 
rivers using a morphodynamic model that included sediment transport, bank erosion, and 
floodplain development over the timescale of hundreds of years. Vegetation was modeled 
using a Chezy roughness coefficient. Bank evolution was modeled using a bank 
erodibility constant, transport capacity and bank slope. They were able to simulate 
anabranching river patterns similar to those observed in large rivers.  
 Asahi et al. [2013] and Eke et al. [2014] modeled river bend erosional and 
depositional processes that included a bank-stability model and deposition dictated by an 
assumed vegetation encroachment rule. Bertoldi and Siviglia [2014] used a 
morphodynamic model coupled with a vegetation biomass model to simulate the 
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coevolution of vegetation and bars in gravel-bed rivers. Their vegetation biomass model 
accounted for species variations in nutrient and water needs. Vegetation was modeled via 
the Strickler-Manning relation that varied linearly with biomass. Their model showed two 
scenarios: one where flooding completely removed vegetation, and one where vegetation 
survived floods, resulting in vegetated bars. Rodrigues et al. [2015] combined high-
resolution field measurements with a hydrodynamic model to assess development of bars 
under variable discharge conditions. Kasvi et al. [2015] used high-resolution field 
measurements and a morphodynamic model to investigate sub-bend scale flow and 
sediment interactions under variable discharge. To our knowledge, no studies have used a 
multi-dimensional hydrodynamic model to investigate the explicit effect of vegetation on 
bars in altering channel bend hydrodynamics.  
Most studies that have included vegetation in hydrodynamic models represent 
vegetation by increasing roughness [see Green, 2005 and Camporeale et al., 2013 for 
comprehensive reviews]. Conventional resistance equations (Manning’s n) are 
inappropriate when vegetation drag is dominant over bed friction [James et al., 2004]. 
Increased roughness will increase the shear stress within vegetation in the model, and 
therefore artificially inflate the transport capacity within these regions. At the reach scale, 
the results may be appropriate, whereas at the local scale (e.g., vegetation patch or bar) 
sediment transport would be overestimated [Baptist et al., 2005]. An alternative to 
roughness is to account for vegetation drag explicitly as cylinders [e.g., Baptist et al., 
2007], or conversely account for foliage and streamlining and the altered drag that occurs 
as a result [e.g., Jalonen et al., 2013; Västilä and Järvelä, 2014].  
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As an alternative to representing the effects of vegetation in flow modeling as part 
of a lumped roughness coefficient, we use a two-dimensional hydrodynamic model that 
explicitly accounts for vegetation drag in order to investigate vegetation influences on 
channel bends. Our modeling characterizes the sensitivity of channel-bend hydraulics to 
riparian vegetation on in-channel bars in a simplified, scaled channel (objective 1) and in 
a meandering to wandering gravel-bed river (objective 2). We add to our understanding 
of river dynamics by quantifying a previously unaccounted for component (i.e., 
vegetation drag on in-channel bars) of channel-bend dynamics. 
 
5.2 Methods 
We update an open-source two-dimensional flow model (5.2.1) to include 
vegetation drag. We implement this model in our scaled-channel global sensitivity 
analysis (5.2.2) to vary physical channel characteristics and vegetation characteristics on 
an in-channel bar. We order the relative importance of both physical and vegetation 
parameters on channel-bend hydraulics to meet objective 1. For a wandering sand- and 
gravel-bed river, we calibrate physical characteristic parameters and vary vegetation 
scenarios with vegetation density ranging from sparse to dense scenarios and vegetation 
morphology ranging from seedlings to young trees on a vegetated bar (5.2.3), allowing us 
to represent a range of scenarios that may exist in space or time at a site to assess the 
sensitivity of channel-bend hydraulics and forces (5.3.4) to the presence of in-channel 
vegetation that recruits and grows on bars to meet objective 2. 
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5.2.1 Flow Model 
To characterize the sensitivity of channel-bend hydraulics to riparian vegetation 
we use a beta version of FaSTMECH that accounts for vegetation drag (FLEXVEG). 
FaSTMECH is a model contained within the open-source interface iRIC [Nelson et al., 
2015; http://i-ric.org/en/index.html]. FaSTMECH solves the depth- and Reynolds-
averaged momentum equations in the streamwise (u) and cross-stream (v) directions, 
assuming steady, hydrostatic flow using a finite difference solution [Nelson et al., 2003, 
2015]. It uses an orthogonal curvilinear coordinate system that allows for secondary 
circulation corrections [Nelson et al., 2003, 2015]. Bed stress closure is achieved through 
a drag coefficient scheme (Cd), where boundary shear stress (τ) in the streamwise (s) and 
stream-normal (n) directions are estimated from the components of velocity (u,v):  
𝜏𝑠 =  𝜌Cd𝑢√(𝑢2 + 𝑣2) (5.1) 
𝜏𝑛 =  𝜌Cd𝑣√(𝑢2 + 𝑣2) (5.2) 
where 𝜌 is density of water and Cd is drag coefficient. The model requires channel 
characteristics (i.e., channel topography, bed roughness specified as a drag coefficient, 
Cd, and lateral eddy viscosity, LEV, a measure of lateral momentum exchange [Tonina 
and Jorde, 2013]) and a set of boundary conditions, including discharge and water 
surface elevation at the downstream boundary.  
The beta model FLEXVEG allows for spatial discrimination of vegetation 
properties by polygons and accounts for drag, but does not discriminate between 
emergent versus submerged vegetation impacts on the velocity profile (assumes 
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logarithmic velocity profile in both cases). Form drag (FD) from woody vegetation can be 
specified as: 
FD =  
1
2
ρCDAcUc
2 
 (5.3) 
where ρ is density of water, CD is vegetation drag coefficient, Ac is the characteristic 
reference area, and Uc is the approach velocity. Projected vertical frontal area of 
vegetation is generally used for Ac. However, simplifications are often made, whereby Ac 
may be approximated by assuming a cylindrical shape [Nepf, 1999; Vargas-Luna et al., 
2015a, 2015b]. Cross-sectional mean velocity, Um, is often substituted for Uc [e.g., 
Jalonen et al., 2013]. See Baptist et al. [2007] and Vargas-Luna et al. [2015a, 2015b] for 
a discussion of flow resistance equations in the emergent versus submerged case, and 
Nepf et al. [2013] for turbulent structures in vegetated flows.  
There has been substantial progress in updating (5.3) to consider changes in drag 
that results from vegetation reconfiguring, streamlining, and pronating, which we have 
included in the FLEXVEG model. We chose, in our case, to model vegetation as rigid 
cylinders, because our study objective is such that we wish to quantify if and how 
vegetation may influence bend hydraulics, and aim to keep the variables considered in 
our analysis as simple as possible. We describe the full equations of the beta model in the 
Supporting Information (SI5). For this study, we assume Ac is equal to a cylindrical stem 
frontal area, 𝐴𝑆 (m
2
 per plant), and assign an associated stem drag coefficient, 𝐶𝐷,𝑆 and 
stem approach velocity, 𝑈𝑆  (m/s), such that drag from the stems (FD,S) equals: 
FD,S =  
1
2
ρCD,SASUm
2 
 (5.4) 
and is calculated for each polygon by specifying an associated stem density (#stems/m
2
) 
and height (m; allows for partitioning of AS by flow depth). An extension of this research 
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would be to consider flexible vegetation or stems and foliage separately (see Supporting 
Information, SI5). 
 
5.2.2 Scaled-channel Sensitivity Analysis 
 To quantify under which combination of channel and vegetation characteristics 
channel-bend hydraulics may be most influenced by vegetation (objective 1), we 
conducted a global sensitivity analysis to order variables based on influence to model 
response, in this case bend hydraulics (u, v, τs, and τn). Channels may have differences in 
bed roughness (modeled with a drag coefficient, Cd) because of grain size and bedforms 
not captured by the resolution of the computational grid, lateral eddy viscosity (LEV) may 
vary, or conversely, these channel characteristic parameters may be poorly constrained. 
Likewise, vegetation may have different characteristics in terms of density, size (AS), and 
drag coefficient (𝐶𝐷,𝑆), or these may be poorly constrained.  
For our global sensitivity analysis, we used the elementary effects test that 
computes two relative metrics of parameter sensitivity, the mean of the elementary effect 
(total effect of an input over the output) and standard deviation of the elementary effect, 
which is a measure of the degree of interactions a parameter has with others with the 
SAFE (Sensitivity Analysis For Everyone) toolbox in Matlab R2012a [Pianosi et al., 
2015; http://www.bris.ac.uk/cabot/resources/safe-toolbox/]. Our analysis does not 
differentiate between actual characteristics versus uncertainty in channel characteristics, 
but simply orders the relative importance on the model output [Razavi and Gupta, 2015]. 
This allowed us to meet objective 1 and inform other two-dimensional model users of the 
main effects and interactions between model parameters such that effort can be focused 
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on characterizing parameters with the most influence on model output [Ziehn and Tomlin, 
2009].  
Because sensitivity analyses are computationally expensive, we created a 
simplified, scale representation of our field site using the Simple Channel Shape Grid 
Creation tool in iRIC (Table 5.1; Figure 5.1). We added a vegetation polygon to one bar, 
and chose three points within the thalweg and a point on the bar (Figure 5.1) to extract 
the response variables (u, v, τs, and τn) for the sensitivity analysis. We considered five 
model characteristics (Table 5.2), including two channel characteristics: 1) bed roughness 
(modeled as drag, Cd), and 2) lateral eddy viscosity (LEV), and three vegetation 
characteristics: 3) vegetation density, 4) vegetation frontal area (𝐴𝑆), and 5) vegetation 
drag coefficient (CD,S).  
We specified the ranges of model characteristics (1 – 5; Table 5.2) based on 
literature values, sampled the input parameters (i.e., model characteristics 1 – 5; Table 
5.2) using the Sobel-based sampling scheme (n = 10,000) appropriate for global 
sensitivity analysis with the SAFE toolbox [Pianosi et al., 2015], and ran FaSTMECH-
FLEXVEG for each combination of input parameters (see Table 5.2 and Supporting 
Information, SI5, for more details). We modeled only one discharge equivalent to an 
overbank flow with inundated bars (600 m
3
/s, ~Q10). We used default relaxation 
coefficients, and convergence was accomplished after 2000 iterations (mean error 
discharge < 2%). 
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5.2.3 Field Site Model Construction and Calibration 
We used a meandering to wandering mixed sand and gravel-bed river [e.g., 
Church, 2006] located in southwest Montana (Figure 5.2) as our field site, because of its 
morphology (contains channel bends and alternate bars) and because it supports 
recruitment of pioneer woody vegetation on bars. The study reach is located on a private 
reserve (MPG Ranch) with minimal disturbance to the floodplain, banks, hydrograph, and 
sediment supply. Annual mean discharge is 68 m
3
/s, bankfull Shields number is 0.01, and 
median grain size is 23 mm. Ponderosa Pine (Pinus ponderosa), gray Alder (Alnus 
incana), and black cottonwood (Populus trichocarpa) comprise mature floodplain forest 
species. Bars range from bare substrate, in some cases littered with large woody debris, to 
vegetated. Woody bar vegetation is composed sand bar willow (Salix exigua), and 
cottonwood (Populus trichocarpa) seedlings, saplings, and young trees (Figure 5.3A,C).  
To represent the spatial distribution of hydraulics for our study reach that is 
characterized by channel bends, bars, and in-channel pioneer riparian vegetation, we 
constructed a two-dimensional flow model and added vegetation to an in-channel bar, 
varied vegetation parameters (density and size, AS), and assessed changes in modeled 
hydraulics and associated forces (5.2.4) to meet objective 2. Here, we briefly describe 
construction of the model and refer the reader to the Supporting Information (SI5) for 
more details.  
We created a two-dimensional flow model for the domain in iRIC FaSTMECH-
FLEXVEG (Figure 5.2) by characterizing the topography and flow boundary conditions 
(stage-discharge) of the reach. We calibrated channel characteristics (Cd, LEV, and 
mature floodplain vegetation) by reducing the root-mean-square-error of measured water-
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surface elevation and velocities, and considered them fixed after calibration (Table 5.3). 
We characterized channel topography for the modeled reach with a combination of 
airborne LiDAR and RTK GPS surveys. All topographic points were combined in iRIC, 
and a grid created with an average cell size of 2.5 by 2.5 m for calibration runs, and 5 by 
5 m for the remaining runs, with corresponding 841,851 and 210,926 nodes, respectively. 
Convergence was found after 5000 iterations (mean error discharge < 2 %).  
Because our site has mature floodplain vegetation that may steer flow or interact 
with the effects of vegetated bars on steering flow for overbank conditions when 
floodplain vegetation is inundated, we considered floodplain vegetation a channel 
characteristic, and considered scenarios with and without floodplain vegetation (see 
Supporting Information, SI5, for more details).  Channel characteristic parameters (Cd, 
LEV, and floodplain vegetation characteristics) were considered fixed with values 
obtained from our calibration (Table 5.3). 
Once the model construction and calibration was accomplished, we represented 
vegetation on a bar that currently supports woody riparian vegetation (Figure 5.1 and 
Figure 5.2) by designating a polygon for which we varied vegetation characteristics. To 
address the potential impact of vegetated bars in altering bend hydraulics, we ran flows 
corresponding to peak flood magnitudes ranging from 2 – 100 year return periods (Table 
5.4).  
For each flow, we included runs with and without floodplain vegetation to 
decipher the contribution of floodplain (overbank) versus instream (bar) vegetation on 
steering flow by considering scenarios with and without floodplain vegetation, and with 
and without the addition of a vegetation polygon on a bar (Figure 5.2; Tables 5.4, 5.5), 
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for a total of 56 model runs. For simplicity, we assumed 𝐶𝐷,𝑆 of one, a good first-order 
approximation [Nepf et al., 2013], and varied vegetation density (#stems/m
2
) and 𝐴𝑆 (m
2
 / 
plant). This allowed us to represent conditions ranging from a bare bar to conditions 
spanning the present configuration of vegetation on the bar. Vegetation conditions may 
vary geographically or temporally at a site through growth or succession of vegetation, 
flow management, or other changes in vegetation establishment, which we capture by this 
range. 
Bar woody vegetation consisted predominantly of Populus seedlings, saplings, 
and young trees. Young vegetation, such as that present on the bar, is not adequately 
captured by airborne LiDAR. Thus, vegetation density and frontal area were described by 
alternate methods. We considered two end-member vegetation density cases: 1) sparse 
and 2) dense. Our sparse case was based on the average density obtained from the 
airborne LiDAR (0.02 stems/m
2
; see Supporting Information, SI5), and our dense case 
(20 stems/m
2
) was based on the average from random vegetation density plots measured 
on the bar, which ranged from <1 stem/m
2
 to 227 stems/m
2
.  
Three frontal area scenarios for Populus were considered, representing different 
stages of pioneer woody vegetation growth, including: 1) seedling phase, 2) sapling 
phase, and 3) young trees. Ground-based LiDAR can be used to capture vegetation 
structure at the individual plant and patch scale, and can represent changes in Ac with 
height above the bed [Straatsma et al., 2008; Antonarakis et al., 2010; Manners et al., 
2013]. To characterize the distribution of Ac for seedlings, saplings, and young trees on 
the vegetated bar, we used ground-based LiDAR. We scanned individual plants, and post 
processed in the same manner described in Chapter 4. We established a Ac – height 
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relationship (Figure 5.3B), from which depth-dependent Ac was extracted for each model 
run that included vegetation on the bar, by assigning Ac based on the average bar depth 
from the corresponding no-vegetation or floodplain-vegetation scenario. We assumed 
seedlings were cylinders, such that Ac was assumed equal to AS.  
 
5.2.4 Vegetation’s Impact on Bend Hydraulics and Force Balance 
The channel geometry of our field site was representative of many wandering 
systems, but its complexity precluded use of a channel-fitted coordinate system. We 
therefore converted our model output to a channel-fitted coordinate system (see 
Supporting Information, SI5 and Figure 5.4) and extracted the hydraulic (u, v, 𝜏𝑠,𝜏𝑛) 
solutions for three cross sections at locations on the vegetated bar representing the 
upstream, midstream, and downstream portion of the bar. By convention, values of u and  
𝜏𝑠 are positive downstream, and v and 𝜏𝑛 positive toward the left bank (Figure 5.4). We 
compared the solutions for vegetation runs (Table 5.5) by cross section for each base 
scenario (Table 5.4) to evaluate which ones were most influential on hydraulics. We 
additionally considered the hydraulics and potential for bed mobility spatially, where the 
Shields parameter, τ
*
, was used as an indicator of bed mobility: 
τ
*
 = 
𝜏
(𝜌𝑠− 𝜌)𝑔𝐷
  (5.5) 
where 𝜏 is boundary shear stress, 𝜌𝑠 and 𝜌 are density of sediment and water, 
respectively, 𝑔 is acceleration due to gravity and 𝐷is grain diameter. 
The forces within meander bends result from pressure gradients, frictional shear 
along the channel boundary, centrifugal acceleration due to curvature, and along- and 
across-stream changes in fluid momentum driven by, for example, bed topography 
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[Legleiter et al., 2011]. Once the hydraulic (u, v, 𝜏𝑠,𝜏𝑛) solutions were in the appropriate 
coordinate system, we quantified the effect of vegetation on altering the force balance by 
solving the components of the force balance of flow in shallow water in the streamwise 
(s) and stream-normal (n) directions. We used the same approach as Legleiter et al. 
[2011], where we solved for the s and n components of the momentum equation (Table 
5.6) using u, v, 𝜏𝑠, 𝜏𝑛, flow depth (h), water surface elevation (E), centerline radius of 
curvature (R), acceleration due to gravity (g), density of water (ρ), and a metric 
coefficient accounting for path length changes (1 – N = 1 – n/R). The terms of the 
momentum equation (Table 5.6) have units of [L
2
 T
-2
], representing a shear stress (τ, 
force per unit bed area) per unit control volume of fluid. We analyzed how vegetation 
changed the components of the force balance.  
 
5.3 Results 
5.3.1 Sensitivity of Channel-bend Hydraulics to Vegetation: Global Sensitivity Analysis 
The sensitivity analysis (Table 5.7) indicated that velocity (u and v) was most 
influenced by the vegetation parameters CD,S and As for all points with the exception of 
P4 (within the vegetation patch; Figure 5.1), as indicated by the mean of the elementary 
effects (EEs; Figure 5.7A). These parameters had large interactions with others, as 
indicated by the standard deviation of the EEs (Figure 5.7). Within the vegetation patch 
(P4), channel characteristic parameters (Cd, LEV) had the largest influence on velocity.  
 For shear stress (τs and τn), Cd had the largest mean and standard deviation of EEs, 
with CD,S and As having the next greatest EEs, followed by LEV and density (Table 5.7; 
Figure 5.7B). The point within the vegetation patch (Point 4) was inconsistent with the 
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other points, as with velocity. Here, LEV was more influential and CD,S less so than for 
the other locations. Interestingly, this indicates that physical channel characteristics are 
more important within the vegetation patch compared to within the thalweg.  
 Vegetation parameters, particularly CD,S  and As have a large control on velocity 
within the thalweg, and follow Cd  in influencing shear stress, that is a function of u, v and 
Cd (equation 5.1 and 5.2). 
 
5.3.2 Impact of Vegetation on Channel-bend Hydraulics  
Root mean square error for water surface elevation ranged from 0.11 m for the 
lowest calibration flow to 0.18 m for the highest, using a Cd of 0.003. For Ū, the lowest 
RMSE (0.24 m/s) was achieved with a LEV of 0.04. Lowest RMSE was thus achieved 
with a channel Cd of 0.003 and LEV of 0.04, which were considered fixed after 
calibration (Table 5.3). These RMSE ranges are consistent with values reported in other 
studies that have used FaSTMECH [e.g., Legleiter et al., 2011; Mueller and Pitlick, 
2014; Segura and Pitlick, 2015], and our channel is larger and more complex than most 
implementations. The calibrated model performance was considered adequate, and we 
have confidence our model represents hydraulics at the field site. 
Our analysis of cross sections (Figure 5.4) downstream, midstream, and  upstream 
of the vegetated bar for flows ranging from Q2 to Q100 with and without floodplain 
vegetation drag (Table 5.4) showed that channel-bend hydraulics in the active channel 
were insensitive to floodplain vegetation. We thus conclude that floodplain vegetation 
does not contribute to flow steering and bar building within the active channel (the focus 
of this study). Vegetation drag from floodplain vegetation could impact other floodplain 
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processes (sedimentation, off-channel habitat) by altering flow hydraulics, and increases 
water-surface elevations that would impact the extent of flood-prone areas. Because 
active-channel hydraulics were insensitive to floodplain vegetation, we considered the 
scenarios without the floodplain vegetation for the remainder of the analyses.  
 The impact of the vegetated bar on bend hydraulics became more pronounced 
with discharges increasing from the Q2 (453 cms) to Q10 (650 cms), and was farther 
enhanced for flows ≥ the Q10. At the downstream end of the bar (XS1; Figure 5.6), the 
effect of vegetation on flow was to increase the magnitude of downstream velocity (u) 
and cross-stream velocity (v more negative) within the thalweg. This thalweg effect 
became more pronounced with increasing plant size (seedling to young trees), and 
reached a maximum for the dense young tree scenario, with a difference of 0.2 m/s and -
0.18 m/s for u and v, respectively.  Flow was thus swifter and steered around the bar 
(toward the right bank).  
On the bar, u and v decreased within the vegetated patch, with u values reduced 
up to 0.5 m/s for the sparse scenarios, and approaching zero for the dense scenarios. With 
increasing plant size and density, the maximum values of u and v were shifted toward and 
increased at the right edge of the vegetation patch. Thus, flow velocities were decreased 
within the patch, and increased adjacent to the patch, steered toward the left bank.  
At the midstream position (XS2), v values were small compared to XS1 and XS3, 
and relatively insensitive to the presence of the vegetation patch. The downstream 
velocities (u) in the thalweg were greater at XS2 compared to XS1. The impact of the 
vegetation patch on u for XS2 was pronounced, with u increased up to 0.16 m/s within 
the thalweg and the maximum value of u shifted toward the left bank with increasing 
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plant size, density, and discharge (Figure 5.7). On the bar, the effect on u for XS2 was 
similar to XS1, with increased values of u with increasing size and density of plants, and 
u increased at the right outer edge of the vegetation patch. Over the bar, u was reduced up 
to 1.16 m/s for the dense scenarios compared to the no vegetation scenario, and increased 
at the edge of the patch up to 1.2 m/s.  
For XS3 (Figure 5.8), u was decreased within the thalweg and at the head of the 
bar with increasing seedling size and density, with a maximum reduction in u of 1.4 m/s 
on the bar head for the dense scenarios. For Q ≥ Q10, v was more positive to the left of the 
vegetation patch and more negative to the right of the vegetation patch. Thus, flow was 
steered away from the vegetation patch, and u was reduced. 
 The effect of the vegetated bar on altering channel-bend hydraulics was similar 
and increasingly enhanced for overbank flows ≥ Q10 (Figure 5.9, Figure 5.10). The effects 
became progressively more pronounced with plant size and density. Effects varied 
spatially around the bend, with the greatest changes to velocity manifested as a reduction 
of velocity and shear stress at the head of the bar and within the vegetation patch, and 
steering of flow away from the bar head, toward the margins of the vegetation patch, and 
around the toe of the bar. Velocity was increased within the thalweg and at the right edge 
of the vegetation patch, creating concentrated flow paths adjacent to the patch.  
 
5.3.3 Impact of Vegetation on Channel-bend Force Balance 
 All components of the force balance of flow (Table 5.6) are a function of u, v, 𝜏𝑠, 
or 𝜏𝑛, which we have shown are influenced by the presence of vegetation on the bar. The 
streamwise force balance (Figure 5.11) was dominated by the 2s and 3s terms, followed 
126 
 
by the1s and 5s terms, and the 4s term was the smallest. Thus, centrifugal acceleration (3s) 
and topographic steering across the channel (2s) are the dominant streamwise forces in 
this bend, followed by topographic steering in the downstream direction (1s) and 
streamwise component of boundary shear stress (5s), with streamwise pressure gradient 
(4s) playing a minor role. With increasing plant size and density of vegetation, the 
magnitude of the topographic steering across the channel (2s), centrifugal acceleration 
(3s), and the streamwise component of boundary shear stress (5s) terms increased at the 
downstream end and decreased their magnitude at the upstream end of the bar. Steering 
along the channel (1s) was reduced mid-stream and downstream, and the sign changed 
and magnitude increased upstream. Centrifugal acceleration (3s) was increased for 
vegetated runs midbar. 
The decrease in magnitude of 1s and increase of 2s and 3s for XS 1 and XS 2, 
respectively, implies a reduction of transfer of momentum in the streamwise direction, 
but an increase in cross-stream steering at the downstream end and increase in centrifugal 
acceleration mid-bar bar for vegetated runs. At the downstream end, 3s and 5s became 
more negative, implying vegetation increased deceleration of pressure gradient and the 
streamwise component of the boundary shear stress. 
The change in sign from negative to positive and increased magnitude of 1s for 
XS 3 implies a shift from a decrease in streamwise momentum for no-vegetation 
scenarios to an increase in streamwise momentum for densely vegetated scenarios. This 
sign shift in conjunction with the reduction of magnitude of 2s for XS 3 implies a 
propensity for streamwise momentum transfer in the streamwise direction for vegetated 
runs at the upstream end of the bar, whereas at the downstream locations, momentum is 
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transferred in the cross-stream direction for vegetated runs and by centrifugal 
acceleration mid-bar. 
 The cross-stream force balance (Figure 5.12) was dominated by centrifugal 
acceleration (3n) and the stream-normal pressure gradient (4n), with steering across the 
channel (2n) contributing next in magnitude, and 1n (steering along the channel) and 5n 
(boundary shear stress) playing lesser roles. Change in fluid momentum along the 
channel (1n) was reduced downstream and mid-bar, and the sign switched upstream, 
similar to the streamwise balance. The magnitude of change in fluid momentum across 
the channel (2n) was increased for vegetated scenarios downstream, and decreased 
upstream. Centrifugal acceleration (3n) was reduced at all locations. The pressure 
gradient acceleration (4n) was increased in magnitude downstream. Boundary shear stress 
(5n) was reduced upstream. Thus, in the cross-stream direction, vegetation increased the 
propensity for cross-stream steering downstream and mid-bar, and increased streamwise 
steering and decreased cross-stream steering and shear stress at the upstream end of the 
bar. Vegetation also altered the dominant components of the force balance (centrifugal 
acceleration was reduced in all locations, and pressure acceleration increased 
downstream). 
 Vegetation altered the main components of the force balance, and increased the 
proportion of secondary components. The patterns of the streamwise and stream-normal 
force terms indicate that vegetation induced momentum transfer in the cross-stream 
direction at the mid- and downstream end of the bar, whereas transfer in the cross-stream 
direction was reduced at the upstream end of the bar. This was accompanied by decreased 
boundary shear stress upstream, and an increased magnitude of shear stress downstream. 
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Increased magnitudes of secondary components of the force balance were countered by 
reduction in the main components (particularly cross-stream centrifugal acceleration). 
 
5.4 Discussion 
  We sought to address how vegetation that recruits on bars affects channel-bend 
processes. Our scaled-model sensitivity analysis showed that vegetation parameters are as 
important as other channel characteristic parameters (objective 1; discussed in 5.4.1). For 
the wandering Bitterroot River, we found that vegetation significantly altered hydraulics 
and the force balance of a channel bend (objective 2; discussed in 5.4.2). This has 
implications for the morphodynamic evolution of channels with vegetated bars, which we 
discuss in 5.4.3. 
 
5.4.1 Sensitivity of Channel-bend Hydraulics to Vegetation 
 This analysis allowed us to explore the parameter space and order the importance 
of channel characteristic versus vegetation parameters on channel hydraulics. We found 
thalweg velocities (u and v) to be influenced most by the vegetation parameters CD,S and 
As, with density having an influence as great as LEV. The most influential parameters also 
had the greatest interactions with others. Channel shear stress components are dependent 
upon the components of velocities, which were strongly influenced by vegetation 
parameters. Thus, the components of shear stress (τs and τn) were also influenced by 
vegetation parameters. Channel drag (Cd) was the most influential parameter on shear 
stress, but vegetation parameters had as large or larger impacts than LEV. For the 
Bitterroot River reach, we were not able to alter all model parameters. We held channel 
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characteristic parameters (Cd and LEV) and CD,S constant, and varied density and AS. The 
results from the sensitivity analysis indicate channel (Cd) and vegetation drag (CD,S) are 
the most influential in dictating velocity and shear stress. Values for CD,S are currently not 
well constrained, and we considered the simplified case of rigid vegetation. The larger 
influence of AS over density likely would not have been deduced with the field model 
alone.  
 
5.4.2 Impact of Vegetation on Channel-bend Hydraulics and Force Balance  
 We found that vegetation began to impact channel-bend hydraulics for flows 
greater than the Q2 (slighter greater than bankfull at the field site). At the Q2, flow depths 
on the bar (average of ~0.5 m) resulted in AS values (Figure 5.2) for vegetation of 0.03 to 
0.42 m
2
, which, when combined with approach velocities for this flow, were not large 
enough to affect resulting flow paths. With increasing discharge (≥ Q10), vegetation 
began to interact with flow, with specific spatial signatures of u, v, and τ
*
. For bars, it was 
originally hypothesized that convective accelerations would be most important at low 
flows [Whiting, 1997]. Legleiter et al. [2011] showed that steering from bars continued to 
be important with increasing discharge. Our study suggests the same is true of vegetation 
in steering flow, with the caveat that the discharge must be great enough to inundate the 
vegetation on the bar. Similar to Abu-Aly et al. [2014], we found that the influence of 
vegetation on flow did not decrease with increasing discharge, although it has been 
proposed that roughness (and drag) should decrease with increasing discharge. We found 
that floodplain vegetation did not affect active-channel hydraulics. Two-dimensional 
models are used to represent the flow fields of rivers that may include vegetated 
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floodplain regions. Variable roughness may be mapped and represented as a roughness 
factor within the model domain. If the goal of the modeling is to investigate active-
channel processes, our results suggest that explicit vegetation drag on floodplains need 
not be accounted for.  
 At the mid- and downstream-portions of the bar, magnitudes of u and v increased 
and became more concentrated in the thalweg with increasing size and density of 
vegetation. The effect was most pronounced for the dense cases, with all dense cases 
drastically altering hydraulics. However, the sparse young tree scenario had a trend that 
emulated that of the dense cases, but with a lower magnitude of change. The present 
configuration of the vegetated bar has a density between the two end-member cases 
modeled, and a mix of age classes (seedlings to young trees), thus we can infer that 
vegetation on the bar currently affects hydraulics in a manner between the sparse young 
tree or dense seedling cases. Our analysis oversimplified vegetation drag by assuming 
rigid cylinders. Nevertheless, vegetation drag had an impact even for the cases of sparse 
young trees or dense seedlings, giving us confidence that, even if drag were reduced 
through streamlining and reconfiguration during inundation, vegetation can have an 
impact on channel-bend dynamics. 
For dense scenarios, a shift in the high-velocity core toward the concave bank was 
apparent. Dietrich and Smith [1983] showed that bars steer flow in a manner that forced 
the high-velocity core toward the concave bank. This result suggests that, like bars, 
vegetation shifts the high-velocity core toward the cut bank. Our results are consistent 
with Bennett et al. [2002], whose flume study simulated meandering in a straight channel 
by placing dowels representing vegetation patches in alternating locations along the 
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edges of the flume. They showed that vegetation reduced velocity within and at the edges 
of the vegetation patch and increased velocities near the opposite bank, and that the effect 
became more pronounced with increasing vegetation density [Bennett et al., 2002].  
 Dietrich and Smith [1983] found that flow over the heads of bars resulted in 
cross-stream components of velocity and boundary shear stress directed toward the 
concave bank. We found increased cross-stream velocity (v) within the thalweg at the 
downstream end of the bar. Within the thalweg at the bar head, we found a reduction in 
magnitude of u, but v was insensitive to vegetation. Flow was steered away from the 
vegetation patch, increasing flow within a side channel adjacent to the bar head. In all 
cases, flow was steered away from the vegetation patch, creating concentrated flow paths 
adjacent to the patch. Thus, we conclude that patterns of cross-stream hydraulics for 
vegetation on a bar are different than those for the bar itself. This is corroborated by our 
force balance analysis. The change in the convective acceleration terms for vegetated 
runs suggests that the presence of vegetation drag affects the force balance of flow, 
indicating that vegetation induces accelerations in the cross-stream direction at the mid- 
and downstream end of the bar, and deceleration in the cross-stream direction at the 
upstream end of the bar. In some cases, the changes in the force balance induced by 
vegetation altered which component of force was most dominant, and decreased the 
importance of others.  
 
5.4.3 Implications for Vegetation and Channel Morphology 
 Vegetation altered the hydraulics and force balance of flow in a bend, moving the 
high-velocity core toward the cutbank, reducing velocities over the bar, steering flow 
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away from the vegetated patch, and creating concentrated flow paths. These results are 
consistent with a study that used a two-dimensional model and assigned spatially variable 
vegetation roughness. Abu-Aly et al. [2014] found that vegetation channelized flow, 
increasing the difference in velocity for the thalweg compared to the bank, and found that 
flow was diverted away from the densest patches. These changes in flow and associated 
changes in shear stress and the force balance would impact the spatial and temporal 
patterns of sediment transport. 
The reduction of velocity and shear stress and associated reduction in momentum 
transfer within the thalweg at the bar head would be expected to decrease sediment 
transport in this region. This may contribute to bar-head maintenance, such that the head 
of the bar is not eroded. Maintenance of the bar head would be countered by the potential 
for chute cutoff [van Dijk et al., 2014] or channel switching that may result because of 
concentrated flow path.  
 Concentrated flow paths formed at lower elevation topography and side channels, 
particularly adjacent to the patch and toward a side-channel at the head of the bar. This 
pattern, and associated increases in shear stress in these regions, may explain how 
vegetation may mediate channel morphology by created vegetated islands [Gurnell et al., 
2001], alternating patterns of vegetated ridges and adjacent channels [Tooth and Nanson, 
2000], and the evolution of anabranching channels [Tooth et al., 2008]. For simplicity, 
this study used one vegetation patch on the bar, with vegetation characteristics that were 
averaged for that polygon. However, seedlings often recruit along floodlines [Schnauder 
and Moggridge, 2009], forming rows of trees. Extending the effect seen in this study to 
rows of trees would result in low velocity areas within the rows that could increase fine 
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sediment deposition, steering away from the rows, and increased velocity and shear stress 
adjacent to the rows, such that sediment could be transported in these regions. This type 
of topography has been observed on the vegetated bar on the Bitterroot River. 
 The production of a low velocity regions over the vegetated bar would be 
expected to increase deposition of fine sediment on the bar, as has been shown in a flume 
study that simulated vegetation patches with dowels showed that fine sediment was 
deposited within the patches [Gorrick and Rodríguez , 2012]. A comparison of sandy 
grain size categories of a patch map [Buffington and Montgomery, 1999] to the location 
of young trees on the vegetated bar at the field site shows an obvious correlation between 
fine sediment and the location of trees that have experienced several floods (Figure 5.13). 
Increased deposition of sediment on the bar would contribute to bar building, and impose 
an addition feedback as topographic steering from the bar was enhanced.  
The increase in velocity and shift of the high velocity core toward the cut bank 
combined with low velocities within the vegetation patch would create a large velocity 
gradient across the channel. The presence of a large gradient in velocity within the 
thalweg compared to over the bar would be expected to alter the dynamics of bank 
erosion. As a simple rule, bank erosion rate, ṅ, according to the so-called HIPS model 
[i.e., Parker et al., 2011], is proportional to an erosion coefficient, k, and half the 
streamwise velocity difference between the two banks, Δu: 
ṅ = 𝑘Δ𝑢 (5.6) 
The parameter, k, represents the material cohesion and vegetation root properties that 
control bank erosion and varies between 10
-8
 and 10
-7 
(dimensionless). Thus, for an 
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assumed k, vegetation-induced velocity gradients across the channel are expected to alter 
bank erosion rates.  
Vegetation “pushing” flow toward the outer bank is analogous to “bar push” 
[Allmendinger et al., 2005; Parker et al., 2011], whereby a rapidly accreting point bar 
may cause erosion at the outer bank [Eke et al., 2014; van de Lageweg et al., 2014]. This 
increase in bank erosion would be countered by deposition of fine sediment on the bar 
induced by the reduction in velocity in this region caused by vegetation, that may in turn 
induce addition “push” through bar building [e.g., Eke et al., 2014]. Coarse bank 
roughness counters this effect, pushing the high velocity core back toward the center of 
the channel [Thorne and Furbish, 1995; Gorrick and Rodríguez, 2012]. The balance 
between erosion of the bank and deposition on the bar would thus dictate whether net 
erosion or net deposition within the active channel occurs, inducing changes in channel 
width [Eke et al., 2014], and altering channel morphology.  
Width-to-depth ratios higher and lower than expected based on at-a-station 
hydraulic geometry have been reported for vegetated channels [Corenblit et al., 2007]. 
Initial riparian forest development may result in a decrease in width-to-depth ratio as 
formerly bare banks are vegetated and increase bank cohesion, preventing bank erosion 
from widening channels [Métivier and Barrier, 2012] such that meanders [Eaton and 
Giles, 2009] and alternate bars emerge [Kleinhans, 2010]. For channels characterized by 
vegetated banks and meandering planforms, differences in width have been observed 
based on floodplain and bank vegetation type, with floodplains composed of herbaceous 
vegetation associated with narrower channels compared to those composed of woody 
vegetation [Hession et al., 2003; Allmendinger et al., 2005; Jackson et al., 2015]. It is 
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unclear what would cause this relationship, since bank strength increases with rooting 
depth [Eaton and Giles, 2009], which is greater for woody vegetation compared to 
herbaceous vegetation [Canadell et al., 1996].  
Our site has woody vegetation on banks and floodplains, and has both bars with 
abundant vegetation (Bar 1) and those relatively free of vegetation (Bar 2, Bar 3; Figure 
5.14). Comparison of the vegetated bar at the site to two others with very little vegetation 
(2012 topography; Figure 5.14) shows that the bars had similar widths, but the vegetated 
bar (Bar 1) had a deeper thalweg. This may be a manifestation of increased, concentrated 
velocity and shear stress in this region. This suggests the vegetated bar had a smaller 
width-to-depth ratio compared to the others at the site in 2012. 
The width-to-depth ratio should adjust depending on the outcome of bars and 
vegetation “pushing” banks, versus bar accretion. The spatial patterns of changes in 
hydraulics and associated changes in the force balance induced by a vegetated bar would 
tend to decrease bank erosion of the cutbank across from the head of the bar, but increase 
erosion across from the downstream end of the bar. The increased streamwise steering 
and concentrated flow paths at the head of the bar may, however, act to increase erosion 
at the bar apex. Bank erosion was observed at the field site in 2013 – 2014 after 
construction of the model grid (2012 topography). Although erosion was observed for the 
entire reach, it was greatest in the vicinity of the vegetated bar, with a pattern consistent 
with what we expect from the model results (Figure 5.15). Bank retreat occurred where 
flow was steered into a secondary channel at the bar apex and across and at the 
downstream end of the bar. Bank retreat in the mid-bar region was accompanied by bar 
building (bank pull). Additionally, the increased bank erosion across from the mid- and 
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downstream portions of the bar might accelerate meander migration rates, as is also the 
case following initial bend development [Parker et al., 1982]. This suggests that 
vegetated bars impose complex interactions with meander-bar processes. On the one 
hand, vegetation may decrease width-to-depth ratios from a combination of increased 
bank strength and scouring deeper thalwegs because of concentrated flow around the 
bend. On the other, concentrated streamwise flow paths at the head of the bar combined 
with a shift in the high-velocity core toward the cut bank, large differential in cross-
stream velocities, and cross-stream accelerations would tend to increase bank erosion at 
the mid- and downstream end that may be accompanied by bank-pull bar building. The 
addition of steering from bars with woody vegetation may help explain why channels 
with woody vegetation are wider compared to those with herbaceous vegetation. 
 
5.5 Conclusions 
Our global sensitivity analysis showed that channel parameters may be more 
influential on velocity than channel characteristic parameters, and significantly influence 
shear stress. Vegetation drag (CD,S) and plant size (As) had the largest influence on 
channel hydraulics and shear stresses followed by density. Vegetation drag coefficients 
(e.g., CD,S) remain poorly constrained. This analysis in conjunction with our reach-scale 
analysis of the wandering Bitterroot River show that vegetation impacts the distribution 
of velocities and forces within channel bends. 
The presence of a vegetated bar in a wandering river altered both streamwise and 
cross-stream components of velocity vectors for overbank flows, with an increasing 
effect with discharge and both plant density and size (As). Vegetation steered flow away 
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from the vegetated bar, creating concentrated flow paths in surrounding low-elevation 
side channels and a low-velocity region over the vegetated patch. Flow was slowed at the 
apex of the bar, and increased within the thalweg around the bend. These changes in 
hydraulics are expected to increase fine sediment deposition on the bar and increase bank 
erosion that is dependent on cross-stream velocity gradients. The components of the force 
balance that are a function of velocity were altered in a manner that decelerated flow in 
the cross-stream direction at the bar apex, and increased cross-stream accelerations 
around the bend. This pattern would tend to reduce cross-stream sediment transport at the 
bar head, but increase it around the remainder of the bend.  
Following the patterns of hydraulics and forces, we would expect vegetation to 
change the morphodynamic evolution of channels with vegetation pushing flow in a 
manner previously only attributed to bars, and may explain the enigmatic observation that 
reaches characterized by woody vegetation are wider than those with herbaceous 
vegetation. Subsequent bank retreat may induce bar building, which would be accelerated 
by fine-sediment deposition within the vegetation patch. This feedback would induce 
additional topographic steering from the presence of the bar. We have identified 
mechanisms by which channels with vegetated bars may evolve different morphologies 
and rates compared with those without, contributing to the fundamental geomorphic 
question, what is the topographic signature of life [Dietrich and Perron, 2006]? 
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List of Terms 
 
 
Ac = vegetation frontal area (m
2
) 
AS = frontal area of stems (m
2
) 
Cd = channel drag coefficient  
CD = vegetation drag coefficient  
𝐶𝐷,𝑆 = flexible vegetation drag coefficient of stems 
𝐷 = median grain size (m) 
E = water surface elevation (m) 
FD = vegetation drag (N/m
2
) 
g = acceleration due to gravity (m/s
2
) 
h = flow depth (m) 
H = total depth (m) 
𝑘 = bank erosion coefficient 
LEV = lateral eddy viscosity  
R = radius of curvature (m) 
𝑢 = streamwise component of velocity (m/s)  
U = velocity (m/s) 
𝑈𝑥 = x component of velocity in Cartesian coordinate system (m/s) 
𝑈𝑦 = y component of boundary velocity in Cartesian coordinate system (m/s) 
Uc = approach velocity (m/s) 
𝑈𝑚= cross-section mean velocity (m/s) 
𝑣 = stream-normal component of velocity (m/s) 
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𝑧 = height above bed (m)  
𝜌 = density of water (kg/m3) 
𝜌𝑠 = density of sediment (kg/m
3
) 
𝜏 = boundary shear stress (N/m2) 
τ
*
 = Shields number 
𝜏𝑠 = stream wise component of boundary shear stress (N/m
2
) 
𝜏𝑛 = stream-normal component of boundary shear stress (N/m
2
) 
𝜏𝑥 = x component of boundary shear stress in Cartesian coordinate system (N/m
2
) 
𝜏𝑦 = y component of boundary shear stress in Cartesian coordinate system (N/m
2
) 
𝜃 = angle of curvilinear grid cell deviation from north 
ṅ = bank erosion rate (m/s) 
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Tables 
 
Table 5.1 Simple channel geometric variables compared with those of the Bitterroot 
River. 
 Simple Channel Bitterroot River 
Active channel width (m) 180 180 ± 20 
Reach length (m) 2500 2500 
Difference elevation bar to thalweg (m) 3 2 – 4 
Bar amplitude (m) 0.5 0.2 – 1 
Channel slope (m) 0.0013 0.0013 
 
 
 
Table 5.2 Channel characteristics varied in the simple-channel sensitivity analysis. 
Characteristic Range 
Cd 0.0015 – 0.03
a
 
LEV 0.001 to 0.8
b
 
CD,χS 0.01 – 5
c
 
#stems/m
2
 0 – 1000
d
 
As (m
2
) 0.005 – 1
e
 
a
Range corresponds to Manning’s n of roughly 0.01 – 0.3. 
b
Range based on Tonina and Jorde [2013] and  Nelson [2013] 
c
Assumed based on values reported in flume studies [Nepf, 1999; James et al., 2004; Wilson, 2007; Wilson 
et al., 2008]. 
d
Corresponding to no vegetation to extremely dense  
e
Assumed diameter range of 0.001 – 0.2 m and constant height of 5 m. 
 
 
 
Table 5.3 Calibration flows, showing the channel drag (Cd) and lateral eddy viscosity 
(LEV), and the root mean square error (RMSE), water surface elevation (WSE), and 
depth-averaged velocity (Ū). 
Discharge
a
 
(m
3
/s) 
Cd LEV 
RMSE-
WSE (m) 
RMSE-Ū
b
 
(m/s) 
Vegetation 
Model 
48 0.003 0.04 0.11 NA Off 
62 0.003 0.004 0.11 0.29 Off 
62
c
 0.003 0.04 0.11 0.24
d
 Off 
62 0.003 0.4 0.13 0.36 Off 
90 0.003 0.04 0.17 NA Off 
453 0.003 0.04 0.16 NA Off 
453 0.003 0.04 0.18 NA On 
a
Corrected by contributing area from USGS 12344000 
b
Law-of-the-wall derived 
c
Discharge measured at site was within 10% of contributing-area-corrected discharge 
d
RMSE from law-of-the-wall derived velocities was lower than that derived by assuming missing values 
were equal to the nearest measured value and taking an average (RMSE = 0.33 m/s)  
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Table 5.4 Base model scenarios
a
 
Discharge (m
3
/s) 
Return 
Period Cd LEV 
Floodplain 
Vegetation 
Model 
453 2 0.003 0.04 Off 
453 2 0.003 0.04 On 
650 10 0.003 0.04 Off 
650 10 0.003 0.04 On 
715 20 0.003 0.04 Off 
715 20 0.003 0.04 On 
800 100 0.003 0.04 Off 
800 100 0.003 0.04 On 
a
Each discharge was run with and without floodplain vegetation (8 runs) 
 
 
 
 
 
Table 5.5 Vegetated bar scenarios
a
 
Vegetation Stage Sparse Dense 
Seedlings sps sdl dns sdl 
Saplings sps sap dns sap 
Young Trees sps tr dns tr 
a
The six combinations of vegetation stage and density were added to each base scenario (48 runs) for a total 
of 56 runs. Abbreviations are same as those used in results plots. 
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Table 5.6 Streamwise
a
 (s) and stream-normal
b
 (n) components of the force balance 
calculated with FaSTMECH-FLEXVEG output. After Legleiter et al. [2011]. 
Term Expression Description 
1s 
1
(1 − 𝑁)
𝜕
𝜕𝑠
(〈𝑢〉2ℎ) 
Change in streamwise fluid 
momentum along the channel 
   
2s 
𝜕
𝜕𝑛
(〈𝑢〉〈𝑣〉ℎ) 
Change in streamwise fluid 
momentum across the channel 
   
3s −2
〈𝑢〉〈𝑣〉ℎ
(1 − 𝑁)𝑅
 
Centrifugal acceleration of flow due 
to channel curvature 
4s −
𝑔ℎ
(1 − 𝑁)
𝜕𝐸
𝜕𝑠
 Streamwise pressure gradient 
   
5s −
1
𝜌
(𝜏𝑠) 
Streamwise component of boundary 
shear stress 
   
1n 
1
(1 − 𝑁)
𝜕
𝜕𝑠
(〈𝑢〉〈𝑣〉ℎ) 
Change in stream-normal fluid 
momentum along the channel 
   
2n 
𝜕
𝜕𝑛
(〈𝑣2〉ℎ) 
Change in stream-normal fluid 
momentum across the channel 
   
3n −
(〈𝑢〉2 + 〈𝑣〉2)ℎ
(1 − 𝑁)𝑅
 
Centrifugal acceleration of flow due 
to channel curvature 
   
4n −𝑔ℎ
𝜕𝐸
𝜕𝑛
 
Stream-normal pressure gradient 
force 
   
5n −
1
𝜌
(𝜏𝑛) 
Cross-stream component of 
boundary shear stress 
a
1s + 2s + 3s = 4s + 5s 
b
1n + 2n + 3n = 4n + 5n 
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Table 5.7 Results from the global sensitivity analysis for each point, showing the mean 
elementary effect (EE) and standard deviation (std) of the elementary effect for each 
parameter. 
 
 
 
 
  
Response Parameter 
Point 1 Point 2 Point 3 Point 4 
mean 
(EE) 
std (EE) 
mean 
(EE) 
std (EE) 
mean 
(EE) 
std (EE) 
mean 
(EE) 
std 
(EE) 
u 
Cd 1.784 7.966 1.657 7.554 3.451 15.358 0.720 5.873 
LEV 4.485 30.751 4.053 30.166 7.49 60.435 1.008 17.542 
CD,S 8.487 55.055 7.517 49.121 14.32 93.912 0.500 2.123 
Density 5.206 27.542 4.722 25.007 8.479 44.77 0.402 1.930 
AS 7.245 44.475 6.656 40.540 12.24 74.531 0.694 4.278 
v 
Cd 0.110 0.675 0.344 1.629 0.878 5.582 0.048 0.326 
LEV 0.164 2.113 0.724 6.321 1.165 12.022 0.068 1.191 
CD,S 0.192 1.213 1.260 7.771 1.707 10.752 0.065 0.606 
Density 0.104 0.442 0.781 4.074 1.138 5.649 0.053 0.604 
AS 0.172 1.179 1.116 6.577 1.725 10.487 0.049 0.318 
τs 
Cd 546.194 3507.066 479.151 3058.696 948.07 6538.004 1.822 12.369 
LEV 455.343 3913.561 363.486 2989.816 646.556 5024.396 6.817 153.778 
CD,S 485.604 2484.307 414.111 2139.525 744.058 3990.613 1.711 13.649 
Density 363.424 1855.968 306.847 1608.421 546.493 2741.777 0.886 4.585 
AS 485.276 2512.559 412.261 2098.098 709.107 3560.723 3.442 44.997 
τn 
Cd 546.194 3507.066 26.434 196.417 182.038 1194.217 0.042 0.324 
LEV 143.949 835.489 16.140 116.982 116.17 811.486 0.257 6.306 
CD,S 119.525 991.417 20.091 111.814 146.112 756.666 0.041 0.370 
Density 131.752 669.235 14.440 72.033 103.854 496.659 0.017 0.121 
AS 98.901 500.822 18.094 92.317 138.061 683.295 0.145 2.916 
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Figures 
 
 
 
 
Figure 5.1 Scaled channel grid for simplified, scale representation of our field site 
created using the Simple Channel Shape Grid Creation tool in iRIC, showing the location 
of the vegetated bar and the points (stars; P) at which the sensitivity analysis was 
conducted. 
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Figure 5.2 Bitterroot River model domain, ADCP velocity measurement cross sections, 
downstream boundary, tree crowns mapped from airborne LiDAR, the location of the 
vegetated bar, and the three bars shown in Figure 5.14. 
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Figure 5.3 A) Modeled vegetated bar on the Bitterroot River, showing sparse Populus 
seedlings and saplings. B) Cumulative Ac of Populus varies with height above the bed, 
and the age and size of the individual, with the greatest cumulative Ac reached for young 
trees (C). The average profile for seedlings (sdl), saplings (sap), and young trees (tr) was 
used to assign an As value based on flow depth for each run. Photo credit: Sarah Doelger. 
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Figure 5.4 A) Region around the vegetated bar, showing the curvilinear grid fitted to the 
main channel, and cross section (XS) locations, and B) the conventions of the curvilinear 
grid to which model output was converted (after Legleiter et al. [2011]). The stream-
normal coordinates (j) increase from the right edge of the grid to the left edge of the grid, 
and the downstream coordinates (i) increase from upstream to downstream. 
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Figure 5.5 The mean of the elementary effects (EEs) plotted against the standard 
deviation of the EEs for channel (Cd, LEV) and vegetation parameters (CD,S, density, As) 
with boot-strapped confidence intervals. A) Velocity (u and v) was most influenced by 
CD,S and As, which had large interactions with other parameters. LEV and vegetation 
density (Dens) had intermediate values of mean and standard deviation of EEs, and Cd 
had the lowest. Thus, vegetation parameters had the largest control on velocity.  
B) Channel drag (Cd) had the largest influence on shear stress (τs and τn) followed by CD,S, 
As, LEV, and density. Examples used are A) u at Point 1 and B) τn at Point 3 (locations 
shown in Figure 5.1). 
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Figure 5.6 Effect of the vegetated bar (j = 33 – 75) on the streamwise (u; top panel) and 
stream-normal (v; bottom panel) velocity at the downstream cross section (XS1) for the 
Q2 (left panel) and Q10 (right panel) flows. With increasing plant size (seedling to young 
trees) and density, u is increased and v decreased within the thalweg (j = 80). Both u and 
v are decreased over the bar, and for the sparse young trees and all dense scenarios, 
increased at the edge of the patch.
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Figure 5.7 Effect of the vegetated bar (j = 32 – 82) on the streamwise (u) velocity at the 
midstream cross section (XS2) for the Q2 through Q100 flows. In the thalweg (j = 100), u 
increases and the maximum shifts toward the left bank. On the bar, velocity is decreased 
in the patch, and increased at the right edge of the patch. 
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Figure 5.8 Effect of the vegetated bar (j = 50 – 65) on the streamwise (u; top panel) and 
stream-normal (v; bottom panel) velocity at the upstream cross section (XS1) for the Q2 
(left panel) and Q10 (right panel) flows. In the thalweg (j = 95) and at the head of the bar, 
u is decreased with increasing seedling size and density. For Q ≥ Q10, v was decreased 
(more negative) adjacent to the vegetation patch. 
 
 
152 
 
 
Figure 5.9 Planview comparison of channel-bend hydraulics (velocity; top, and shear 
stress; bottom) for the Q10 no vegetation (left panel), sparse young trees (middle), and 
dense seedlings (right) runs. Velocity and Shields number are reduced on the bar with 
increasing size or density of plants, and flow paths within the thalweg and adjacent to the 
vegetation patch become more concentrated.  
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Figure 5.10 Planview comparison of channel-bend hydraulics (velocity; top, and shear 
stress; bottom) for the Q100 no vegetation (left panel), sparse young trees (middle), and 
dense seedlings (right) runs. The effect for the sparse young trees scenario is greater for 
the Q100 (this figure) compared to the Q10 (Figure 9) flow.  
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Figure 5.11 The streamwise force balance by cross section for the 650 cms runs. The 
streamwise balance is dominated by centrifugal acceleration (3s) and topographic steering 
across the channel (2s). Increasing size and density of seedlings altered the force balance, 
decreasing steering in the streamwise direction (1s) and increasing steering in the cross-
stream direction at the downstream end (XS 1) of the vegetated bar, and increasing 
centrifugal force (3s) mid-bar. Upstream (XS 3), streamwise transfer of momentum (1s) is 
increased. 
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Figure 5.12 The cross-stream force balance by cross section for the 650 cms runs. 
Increasing size and density of seedlings altered the force balance, decreasing streamwise 
steering (1n) mid-bar (XS 2) and downstream (XS 1), and increasing it upstream (XS 3). 
Cross-stream steering (2n) was increased downstream. These increases were countered by 
decreased centrifugal acceleration (3n) at all locations, and decreased shear stress (5n) 
upstream (XS 3). 
156 
 
 
Figure 5.13 The vegetated bar, showing the spatial co-occurrence of sandy grain size 
patches and young trees (extracted from aerial imagery).  
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Figure 5.14 Cross sections for the vegetated bar (Bar 1), and two others (locations shown 
in Figure 5.2). The vegetated bar (Bar 1) has a deeper thalweg compared to the other two 
bars, but similar widths. Note the horizontal axis for Bar 3 has been reversed for 
comparison of geometry.  
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Figure 5.15 Perspective aerial image of the study reach showing the vegetated bar (Bar 
1) and the two less-vegetated bars (Bar 2, Bar 3)  showing bank erosion from 2012 to 
2013. Bank erosion was greatest across from and downstream of the vegetated bar.  
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Chapter 6 
Conclusions 
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 Vegetation and the evolution of alluvial channel morphology are intimately 
linked. Meandering and wandering channel types depend on the bank cohesion that can 
be supplied by the roots of bank and floodplain vegetation. These channel types are 
important for providing habitat, ecosystem services [Thorp et al., 2010], and are often 
adjacent to where people build homes and towns [Gregory, 2006]. Ubiquitous features of 
these channels are alternate bars that are involved in the “push” and “pull” that sets 
channel geometry and migration rates.  
 An often-overlooked or oversimplified component of meandering and wandering 
channels is the impact of pioneer woody vegetation. This vegetation has recruitment 
strategies dependent upon flood forces and has evolved to survive within active channels 
[Karrenburg et al., 2002]. Pioneer seedlings establish roots to baseflow water-table 
conditions, which increases their anchoring ability [Amlin and Rood, 2002]. Root 
establishment occurs following spring flood pulses, thus minimizing the potential for 
uprooting during the vulnerable first season [Johnson, 2000]. If pioneer riparian 
vegetation can establish on bars it builds floodplain forests from the bottom up by 
altering hydraulics in a manner that induces sedimentation over timescales of decades to 
hundreds of years [Osterkamp and Hupp, 2010]. Thus, plants become increasingly 
difficult to uproot through the simultaneous action of bar accretion decreasing inundation 
potential and increased resisting force to counter flood forces as the plants grow. 
Top-down approaches to restoring riparian vegetation are nevertheless common. 
For example, Populus saplings are installed like fence posts in floodplains and Salix rolls 
installed along banks as essentially biological riprap. In the era of river restoration, 
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humans are attempting to recreate the aesthetics and functions of rivers [Beechie et al., 
2010; Wohl et al., 2015], with mixed results [Palmer et al., 2007].  
The complexity of vegetation-morphodynamic interactions has hindered efforts to 
develop a process-based framework of how in-channel vegetation impacts river 
processes, which has trickled down to limit successful prediction of vegetation survival 
and subsequent impacts on channel evolution. This research focused on quantifying 
interactions between in-channel pioneer riparian vegetation across spatial scales relevant 
to real rivers. Specifically, I used a process-based approach to answer the following 
questions, the answers of which are relevant to restoration and management efforts as 
well as the fields of fluvial geomorphology and ecology: 
Q1: What are the thresholds involved in seedlings uprooting? 
Q2: How does vegetation steer flow to form vegetation-dependent fluvial 
topography? 
Q3: What effect does vegetation and associated topography have on fluvial 
processes including bar-meander dynamics? 
I addressed Q1 by quantifying multiple influences on seedlings’ resisting forces to 
flood flows with in situ pull test experiments, showing that established seedlings (> 1 yr.) 
are surprisingly strong, and drag forces alone would be unable to uproot seedlings in 
most cases, implying there may be a narrow window to uproot unwanted vegetation. The 
results of this work have direct implications for management strategies aimed at 
maintaining or removing riparian vegetation, implicating substrate scour and seedling 
rooting depth as important factors controlling uprooting. Management strategies should 
therefore consider water-table dynamics that control rooting depth and the spatial 
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distribution of velocities and sediment transport potential, the latter of which could be 
accomplished by using a multi-dimensional hydrodynamic model in planning and/or 
design strategies. These constraints provide a means to a bottom-up approach for riparian 
vegetation restoration and management, such that seedlings can establish on bars, setting 
the trajectory of vegetation-river dynamics such that floodplains with mature vegetation 
may eventually develop. Flume studies have found difficulty in determining the dynamics 
of seedling uprooting [Crouzy et al., 2012; Kui et al., 2014; Manners et al., 2015] 
because of the difficulty in representing or transplanting roots in a manner representative 
of seedlings recruited in situ and the difficulty in achieving flow and scour conditions 
great enough to uproot seedlings. Our field-based approach has provided an alternate 
approach to measuring uprooting susceptibility, despite uncertainties associated with 
forces influencing uprooting (buoyancy force ignored, hydrostatic force likely not 
adquately captured), vegetation drag parameters [Chapman et al., 2015; Vargas-Luna et 
al., 2015b], and patch-scale sediment transport dynamics [Chen et al., 2012a]. Species 
differences in drag (flexibility and streamlining) have been observed between native 
Populus and invasive Tamarix [Manners et al., 2015]. Specifically, Populus reduced its 
drag, which may add to its advantage over Tamarix. However, this same trait would 
allow Tamarix to extract more momentum from flow. Additional experimental work 
should aim to adequately represent drag parameters of vegetation and differentiate 
species characteristics. Future field studies that may serendipitously have observations of 
seedling uprooting with flow and sediment transport constrained would allow for testing 
of our framework. 
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 Constraints on uprooting (Q1) are practical, and allow us to predict under which 
conditions we expect vegetation to survive, grow, and engineer channels (Q2). To 
address Q2, I characterized features associated with vegetation interacting with flow and 
linked the topographic features to vegetation morphology and flow parameters using 
high-resolution ground-based LiDAR in a sand-bed river (Santa Maria, AZ). With our 
coupled use of ground-based and airborne LiDAR, we were able to link topographic 
change induced by vegetation to vegetation morphology at two spatial scales. We found 
flume-derived prediction to be inadequate at the field site, indicating a need for closer 
coupling between flume and field research, and that stem-scale turbulence may be more 
important than patch-scale turbulence for the riparian vegetation present in our field sites 
that are representative of many alluvial channels with woody riparian vegetation.  
Patch-scale properties of topography and vegetation cannot be measured with 
airborne LiDAR. From our ground-based LiDAR analysis, we determined which 
vegetation morphology properties have the greatest impact on flow and sediment 
transport, allowing us to extend this knowledge to the reach. We added to our ground-
based LiDAR analysis by investigating the reach-scale signature of vegetation on 
topography with airborne LiDAR. With increasing vegetation density class, a larger 
proportion of elevations within the channel was higher. This is consistent with our patch-
scale analysis, indicating that vegetation density can be used to predict the impact 
vegetation has on morphodynamics and resulting topography. Our coupled observations 
of vegetation and topography at multiple scales indicate metrics of vegetation density can 
be used to predict the impact vegetation may have on channel processes.    
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Tamarix has long been implicated in having a greater potential to influence 
channel processes compared to native species [Shafroth, 2005]. For seedlings in a flume 
experiment [Manners et al., 2015], Tamarix was found to have a greater impact on 
topography compared to Populus, but we found no evidence for species differences in the 
topographic signature vegetation patches created. The patches studied were saplings to 
young trees, rather than seedlings. Although no species effect was detected for this 
growth stage, Tamarix may have a greater impact on channels simply by its ability to 
become more abundant and reach greater densities more quickly [Sher et al., 2000]. 
We quantified the characteristic wavelength of river bars for the reach with 
spectral analysis on the airborne LiDAR, and ordered the importance of features within 
the channel. The largest features within the channel are the river bars, but these are 
captured by traditional topographic surveys, and their genesis and evolution is relatively 
well understood. The tools therefore already exist to account for the influence of bars on 
river processes. The tail bar topographic features are not captured by traditional 
surveying tools and the effects of vegetation are often ignored, or addressed through a 
roughness factor which is known to be inaccurate in many instances and is not process 
based.  
Tail bar features and vegetation are larger than bedforms, grains, and grain 
clusters, and of a similar order of magnitude as steps, pools, and large woody debris that 
are acknowledged to be important in their respective channels. Schemes exist to account 
for bed roughness and bedforms within hydrodynamic models and similarly could be 
adopted for vegetation-related forms. I argue that tail-bar type features and in-channel 
vegetation should be considered fundamental channel-forming elements used to classify 
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channels (Chapter 2). With our analysis, we gained process-based insight into how 
vegetation alters topography at the patch scale and the collective influence of patch-scale 
features on reach-scale topography that we can predict with metrics of vegetation density. 
We begin to place patch-scale features in the context of the influence they may have on 
reach-scale processes. Future research should focus on demonstrating the impact of 
patch-scale vegetation-topographic features in altering channel dynamics through 
experiments, numerical simulations, or observations.  
 Using remote sensing techniques, we showed that vegetation is influential in 
altering topography, both of which should influence channel processes (Q2 and parts of 
Q3). We investigated the influence of vegetation in altering hydraulics and forces of a 
channel bend using a multidimensional hydrodynamic model that explicitly accounts for 
vegetation drag (thus partitions shear stress appropriately) to address the remainder of 
Q3. We added to literature that characterizes channel bend and bar dynamics but has not 
incorporated the effects of in-channel vegetation that recruits on bars. Hydrodynamic 
models are not routinely employed with vegetation drag accounted for in the momentum 
equations. We worked with developers of FaSTMECH to launch a beta version 
(FLEXVEG) of the model that allows for spatial discrimination of vegetation drag 
parameters. Representing a river characterized by alternate bars and recruitment of in-
channel woody riparian vegetation, we found channel and vegetation drag to have large 
impacts on hydraulics and shear stress, and plant size and density to have an influence 
similar to other channel parameters. Vegetation slowed flow and reduced cross-stream 
forces at the upstream end of the bar and concentrated and shifted the high velocity core 
toward the cutbank around the remainder of the bend. Dense vegetation scenarios 
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reduced velocities to near zero within the vegetation patch and created concentrated flow 
paths and large increases in velocity and shear stress within low-elevation regions 
flanking the bar, reiterating the impact of vegetation density in altering morphodynamics. 
The morphodynamic evolution expected from these patterns of changes in hydraulics and 
forces are hypothesized to include: 
1) Increased deposition within the vegetation patch resulting in bar accretion. 
2) Additional topographic steering from bar accretion, which may lead to 
additional morphodynamic adjustments.  
3) Increased cutbank erosion at mid- and downstream portions of the bend as a 
result of a large cross-stream gradient in velocity and vegetation pushing flow 
away from the patch. 
4) Increased bar building as a result of increased bank erosion (“bank pull 
mechanism”). 
5) Vegetation pushing flow into side channels at the upstream end of the bar and 
adjacent to the flow increasing the likelihood of channel switching and/or 
contribute to the development of anabranching channel types. 
 We have thus identified mechanistic components of a feedback loop in channel 
bends influenced by vegetated bars. Observations of channel change on the Bitterroot 
River over the course of this study are consistent with processes 1 – 4. These processes (1 
– 4) may explain previously enigmatic observations of differences in channel width-to-
depth ratios in channels with woody vegetation compared to those with herbaceous 
vegetation. 
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 Our numerical methods build on work that has considered the physical 
components of channel-bend dynamics and others that have considered the effects of 
vegetation through rule- or roughness-based approaches. We aimed to represent the 
effects of vegetation on channel processes more adequately, and chose to model the 
distribution of vegetation as cylinders. This approach is an improvement over traditional 
roughness-based schemes [Baptist et al., 2007] but still has limitations, as morphology 
and drag parameters are simplified [Chapman et al., 2015; Vargas-Luna et al., 2015a; 
Vargas-Luna et al., 2015b] and although drag is partitioned, complex velocity patterns 
because of vegetation-induced turbulent structures occur at multiple scales [Nepf et al., 
2013]. We have nevertheless outlined specific expected morphodynamic outcomes that 
can continue to be tested and built upon as our ability to model vegetation-flow 
interactions increases. Our approach has utility beyond our targeted questions. Although 
a rule-based approach may represent things like flood potential adequately, patch-, bar-, 
and bend-scale processes are misrepresented, particularly velocity and shear stress and 
related sediment transport. Cumulatively, these scales affect reach-scale processes. One 
would not expect to predict the spatial distributions of hydraulics or sediment transport 
adequately with a roughness-based approach. Representing these reach-scale dynamics 
has practical implications (erosion potential, channel change potential) as well as 
ecological implications, because habitat is a function of hydraulics and sediment transport 
as well. 
Process 5 is consistent with observations of anabranching channel development in 
several settings linked to vegetation. The Tagliamento River (Italy) has a gravel bed, and 
has been characterized as anabranching in conjunction with live wood (Salix) 
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recruitment. For the reach of the Bitterroot River studied, channel morphology is 
wandering, but other portions of the channel have been considered anabranching and has 
recruitment of large woody debris [Gaeuman, 1997]. Other gravel-bed rivers in the West 
have anabranching forms linked to large woody debris recruitment [e.g., Collins et al., 
2012]. The Santa Maria River (AZ) is wandering to anabranching, has a sand bed, and 
has woody in-channel vegetation (Populus, Salix, and Tamarix), but little large woody 
debris recruitment. The Marshall River (Australia) likewise has a sand bed and is 
characterized as anabranching in absence of wood recruitment. We did not specifically 
study the effect of large woody debris on channel processes, but the results are expected 
to be similar to the large, dense vegetation scenarios presented here. 
Recent analytical work [Crouzy et al., 2015] has shown the relative importance of 
the timescale for flooding frequency versus vegetation development rate in dictating 
anabranching channel patterns, with anabranching patterns emerging from ephemeral 
flow. We speculate that the properties of the vegetation (i.e., wood versus flexible, 
emergent vegetation) and the bed material (gravel versus sand) may have an additional 
impact on the evolution of these channel patterns. Emergent vegetation, particularly when 
young, reduces its drag when inundated. Large woody debris or recruited live wood is not 
flexible and can have large cross-sectional areas, and thus the effects on hydraulics and 
forces are expected to be similar or more extreme than the simulations presented here. 
These forces are likely large enough to induce substrate scour (horseshoe scour) even in 
gravel beds, whereas the effect of this scour mechanism for emergent vegetation is 
minimal (see Chapter 3). Thus wood is associated with the development of anabranching 
channels in gravel-bed systems, whereas emergent woody species may induce the 
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evolution of similar forms in sand-bed systems that are more susceptible to 
morphodynamic feedbacks, particularly when subjected to extremes in flood magnitudes. 
Future investigations should integrate the effects of physical versus biologic timescales, 
vegetation properties, and sediment transport regimes, which have thus far been 
considered mainly in isolation.  
This dissertation has addressed knowledge gaps across spatial scales and 
answered key questions within the fields of ecology and fluvial geomorphology by 
quantitatively and mechanistically addressing the following questions: 1) How and when 
do seedlings survive flood flows?, 2) How influential is vegetation and related features on 
reach-scale stress partitioning?, and 3) How does the morphodynamic evolution of 
channels with vegetated bars differ from those without? The resulting insights into how 
vegetation influences and interacts with river processes across spatial scales provide a 
mechanism to integrate vegetation into a process-based river dynamics framework, 
increase basic understanding of fluvial ecogeomorphology, provide guidance for river 
management, and point toward future work in understanding the coevolution of life and 
landscapes. 
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Introduction  
The pull test and excavation data collected for this manuscript are located in Data Set 
S3.1. The supporting information contains grain-size data collected at the Bitterroot site 
(Figure S3.1), the reach locations (Figure S3.2a,b; Figure S3.3a) and velocity results 
(Figure S3.2c,d; Figure 3.3b), and methods details for 1D HEC-RAS hydraulic models 
conducted to place uprooting forces measured for seedlings in the context of flood flows. 
Mean values for seedlings analyzed (Table S3.1) are presented, and HEC-RAS model 
results (Table S3.2). Lastly, the candidate model selection information and top model 
results for the mixed effects models conducted for the manuscript are presented in tables 
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S3.3-S3.10. Here follows a quick-reference list of the statistical results found in the 
supporting information. 
Table S3.3: All-site analysis predicting pullout force 
 
Table S3.4: Arizona analysis predicting pullout force 
 
Table S3.5: All-site analysis predicting pullout force by root morphology 
 
Table S3.6: All-site analysis predicting root morphology 
 
Table S3.7: Arizona analysis predicting pullout force by root morphology 
 
Table S3.8: Arizona analysis predicting root morphology 
 
 
Methods for HEC-RAS modeling of high-flow velocities 
To estimate high-flow velocities for our field sites, for comparison to calculated 
values of uprooting velocities (Uc) we constructed 1D HEC-RAS 4.1.0 hydraulic models 
of the BR and SMR (Figure S3.2), and we used a calibrated HEC-RAS model (U.S. 
Army Corps of Engineers Hydrologic Engineering Center, 2009) for the BWR (Figure 
S3.3). We modeled flood discharges with recurrence intervals of 2, 10, 20, and 100 years 
(i.e., Q2, Q10, Q20 and Q100). Modeling used assumptions of normal depth at the 
downstream boundary and subcritical flow. For the BR site, water surface slope for the 
downstream boundary was calculated from measured longitudinal profiles. The slope was 
consistent for discharges representing base-flow, bankfull to an overbank event. For 
topographic input to the model, we merged datasets collected with survey-grade RTK 
GPS in subaqueous portions of the channel with airborne LiDAR from subaerial bars and 
floodplain areas. Manning’s n was back-calculated from field discharge, water surface 
elevation, and channel geometry. Discharges for the BR site were determined from a unit 
discharge approach and extrapolated from USGS gauge 12344000 Bitterroot River near 
172 
 
Darby, MT. A stage-discharge relationship allowed for comparison of measured water 
surface elevation at the downstream boundary to those computed assuming a normal 
depth. For the SMR, airborne LiDAR collected when the channel was largely dry was 
used for topography [Bywater-Reyes and Wilcox, 2013]. Field calibration measurements 
were not available for the SMR. We used a Manning’s n of 0.03, after initial testing of n 
values from 0.02 to 0.04 indicated that average velocity results were not sensitive to this 
range. Water surface slope for the downstream boundary was assumed to be the same as 
bed slope calculated from the airborne LiDAR data. Discharge for the SMR was 
determined from USGS gauge 09424900 located at the upstream boundary. Because the 
SMR model was not calibrated, we consider the associated velocities the most uncertain. 
The Santa Maria River is an unregulated tributary to the BWR. The n values used in the 
BWR calibrated model were generally higher than 0.03, but the BWR has higher 
densities of vegetation compared to the SMR [Shafroth et al., 2000]. We expect that n for 
the SMR would lower than the BWR. If we have, however, underestimated roughness for 
the SMR, then our modeled velocities should be considered maximum scenarios. 
Discharge for the BWR was determined from USGS gauge 09426000 located at the 
upstream boundary. The discharge corresponding to Q2 – Q100 floods was determined by 
plotting discharge as a function of return period for each site.  
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Figure S3.1 Pebble count grain-size data for the Bitterroot River site by half-phi class. 
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Figure S3.2 Reaches modeled to evaluate flood velocities, using HEC-RAS, for (a) the BR and 
(b) the SMR, and corresponding cross-section-averaged velocities (c and d). The study bar 
locations are boxed and cross section distance from downstream boundary indicated (m). 
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Figure S3.3 (a) BWR reach modeled to evaluate flood velocities, using HEC-RAS, and 
corresponding cross-section-averaged velocities for (b) pre-regulation and (c) post-regulation. 
The study bar location is boxed and cross section distance from downstream boundary indicated 
(m). The red star shows where the BWR enters a confined reach. Corresponding velocities 
increase dramatically through this reach for the pre-regulation case (b), whereas post-regulation 
velocities (c) stay below 2.5 m/s. 
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Table S3.1 Mean and 1-σ standard deviation values for measured seedling variables by site. 
Variable BR BWR SMR 
Elevation (m) 963.73 ± 0.30
 a
 239.51 ± 0.30
 b
 364.08 ± 0.32
 c
 
Depth to water table (m)
*
 0.83 ± 0.23
a
 ˗0.18 ± 0.32
b
 0.32 ± 0.22
c
 
Frontal area (cm
2
)
 
196 ± 300 478 ± 620
b
 234 ± 254 
Height (cm)
 
30 ± 20
a
 109 ± 48
b
 79 ± 31
c
 
Basal diameter (mm)
 
8 ± 6
 a
 18 ± 16
 b
 10 ± 6
c
 
Depth to highest root density 
(m)
 0.12 ± 0.07 0.20 ± 0.12 0.15 ± 0.03
c
 
Root frontal area (cm
2
)
 
33 ± 41 145 ± 144
b
 68 ± 38 
Root Length (cm)
 
39 ± 14
a
 56 ± 10 60 ± 11 
Pullout force (N)
 
296± 371
a
 527 ± 503 534 ± 419 
Mechanism: Break 76%
a
 28%
b
 59% 
*
Depth to water table was measured for base flow conditions 
a,b,c
Denotes if BR, BWR and SMR were significantly different from other populations, respectively. 
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Table S3.2 HEC-RAS results for BR, SMR, and BWR. 
Event Discharge   
(m
3
/s) 
WSE
*
 (m) Measured WSE (m) %Difference Mean Velocity 
(m/s) 
Mean Shear 
(N/m
2
) 
BR
1
 
Q2 425 963.884 964.013 0.013 0.54 ± 0.10 5.57 ± 1.86 
Q10 650 964.077   0.59 ± 0.11 6.40 ± 2.23 
Q20 715 964.128   0.60 ± 0.11 6.64 ± 2.32 
Q100 800 964.184   0.62 ± 0.12 6.94 ± 2.41 
SMR
2
 
Q2 80 353.069 
 
  0.93 ± 0.13 18.21 ± 4.78 
Q10 460 353.782 
 
  1.22 ± 0.16 27.29 ± 6.53 
Q20 560 353.877 
 
  1.28 ± 0.16 29.39 ± 6.94 
Q100 800 354.090 
 
  1.43 ± 0.19 34.43 ± 8.29 
BWR
3
 Pre-Regulation
4
 
Q2 311    1.63 ± 0.30 73.65 ± 21.72 
Q10 2832    2.81 ± 0.99 178.72 ± 139.37 
Q20 3540    2.96 ± 1.19 198.80 ± 188.65 
Q100 6000    3.33 ± 1.56 244.45 ± 275.08 
BWR
3
 Post-Regulation
5
 
Q2 10    0.57 ± 0.11 14.11 ± 5.47 
Q10 96    1.18 ± 0.20 44.48 ± 13.29 
Q20 198    1.45 ± 0.25 60.92 ± 17.15 
Q100 250    1.54 ± 0.28 67.19 ±19.12 
*
Water surface elevation (WSE) 
1
Manning’s n = 0.03; normal depth slope = 0.0013. 
2
Manning’s n = 0.03; normal depth slope = 0.0038. 
3
Manning’s n was variable, with a maximum of 0.09; normal depth slope = 0.0027. 
4
Pre-regulation record 1891 – 1968. 
5
Post-regulation record 1969 – 2013. Regulation resulted in reduction in magnitude of maximum flows. 
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Table S3.3 Candidate model selection table for the all-site models predicting pullout force (n = 
328). The top ten models (∆AIC < 4) are shown (ranked by AIC), in addition to the null model 
that includes only the random effect of site. Indicators include the log-likelihood of each model, 
the number of parameters (K), the Akaike Information Criteria (AIC), the AIC difference from 
the best model (∆AIC), and the Akaike weighting of each model among the candidate model set. 
Footnotes below are numbered by candidate model rank and show the parameters included in 
each model. Model results for the top model shown
*
. 
Candidate 
model rank 
Log-
Likelihood 
K AIC ∆AIC AIC Weight 
Cumulative 
Weight 
1 -296.64 8 609.72 0.00 0.84 0.84 
2 -298.43 8 613.32 3.59 0.14 0.98 
Null model -508.99 3 1024.06 414.33 0.00 1.00 
Parameter Estimate Std. error t value χ
2
 p (>χ
2
)
 **
 Effect size  
fixed effects 
Intercept 8.20 0.26 32.01 
   
Scour depth (m) 1.70 1.11 1.54 199.92 <0.001 1.15 
Water table depth (m) 0.90 0.18 5.09 7.82 <0.01 1.15 
log(frontal area (m
2
)) 0.67 0.03 19.71 681.88 <0.001 4.45 
scour depth (m):water table 
depth (m) 
-4.74 0.83 -5.73 32.84 <0.001 1.15-0.66 
scour depth (m):log(frontal 
area (m
2
)) 
0.73 0.24 3.06 9.38 <0.01 4.45-5.89 
       
random effects 
    
Intercept: BR 7.80 
     
Intercept: BWR 8.20 
     
Intercept: SMR 8.61           
1
log(pullout force (N)) ~ scour depth (m) + water table depth (m) + log(frontal area (m
2
)) + scour (m):water 
table depth (m) + scour (m):log(frontal area (m
2
)) + (1|Site) 
2
log(pullout force (N)) ~ scour depth (m) + water table depth (m) + log(frontal area (m
2
)) + scour (m):water 
table depth (m) + water table depth (m):log(frontal area (m
2
)) + (1|Site) 
Null
log(pullout force (N)) ~1 + (1|Site) 
*
Pseudo-R
2 
= 0.77. AIC = 609.3. Log-Likelihood = -296.6. Deviance = 593.3 on 320 residual degrees of 
freedom. 
**
Type II Wald χ
2 
test. 
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Table S3.4 AIC table of candidate models predicting pullout force (n = 158) for the Arizona 
sites. Top models (∆AIC < 4) show. The top ten models are shown (ranked by AIC), in addition 
to the null model that includes only the random effect of site. Indicators include the log-likelihood 
of each model, the number of parameters (K), the Akaike Information Criteria (AIC), the AIC 
difference from the best model (∆AIC), and the Akaike weighting of each model among the 
candidate model set. Footnotes below are numbered by candidate model rank and show the 
parameters included in each model. Model results for the top model shown
*
. 
Candidate 
model rank 
Log-
Likelihood 
K AIC ∆AIC AIC Weight 
Cumulative 
Weight 
1 -135.24 9 289.69 0.00 0.58 0.58 
2 -134.93 10 291.35 1.66 0.25 0.83 
Null model -205.31 3 416.77 127.08 0.00 1.00 
Parameter Estimate Std. error t value χ
2
 p (>χ
2
)
 **
 Effect size  
fixed effects 
Intercept 8.58 0.23 36.66 
   
Scour depth (m) -0.68 0.78 -0.88 25.48 <0.001 0.37 
Water table depth (m) 1.60 0.24 6.80 39.72 <0.001 1.18 
log(frontal area (m
2
)) 0.81 0.06 12.61 177.94 <0.001 4.11 
Species: Tamarix -1.25 0.38 -3.26 9.88 <0.01 0.31 
scour depth (m):water table depth 
(m) 
-5.72 2.11 -2.72 7.37 <0.02 1.18-0.09 
log(frontal area (m
2
)):species -0.40 0.10 -4.22 17.85 <0.001 1.17-0.45 
       
random effects 
     
Intercept: BWR 8.58 
     
Intercept: SMR 8.58           
1
log(pullout force (N)) ~ scour depth (m) + water table depth (m) + log(frontal area (m
2
)) + species + scour 
(m):water table depth (m) +log(frontal area (m
2
)):species + (1|Site) 
2
log(pullout force (N)) ~ scour depth (m) + water table depth (m) + log(frontal area (m
2
)) + species + scour 
(m):water table depth (m) + log(frontal area (m
2
)):species + scour: log(frontal area (m
2
)) + (1|Site) 
Null
log(pullout force (N)) ~1 + (1|Site) 
*
Pseudo-R
2 
= 0.59. AIC = 288.5. Log-Likelihood = -135.2. Deviance = 270.5 on 149 residual degrees of 
freedom. 
**
Type II Wald χ
2 
test. 
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Table S3.5 AIC table of all-site candidate models predicting pullout force (n = 52) by root 
morphology. Top models (∆AIC < 4) shown. The top ten models are shown (ranked by AIC), in 
addition to the null model that includes only the random effect of site. Indicators include the log-
likelihood of each model, the number of parameters (K), the Akaike Information Criteria (AIC), 
the AIC difference from the best model (∆AIC), and the Akaike weighting of each model among 
the candidate model set. Footnotes below are numbered by candidate model rank and show the 
parameters included in each model. Model results for the top model shown
*
. 
Candidate 
model rank 
Log-
Likelihood 
K AIC ∆AIC AIC Weight 
Cumulative 
Weight 
1 -63.07 6 140.00 0.00 0.53 0.53 
2 -65.20 5 141.70 1.70 0.23 0.75 
3 -63.07 7 142.68 2.68 0.14 0.89 
Null model -86.61 3 179.72 39.72 0.00 1.00 
Parameter Estimate Std. error t value χ
2
 p (>χ
2
)
 **
 Effect size  
fixed effects 
Intercept 9.56 1.00 9.61 
   
Scour depth (m) 5.52 4.89 1.13 26.94 <0.001 1.96 
log(root frontal area (m
2
)) 0.75 0.19 4.00 66.92 <0.001 5.00 
scour depth (m):log(root frontal 
area (m
2
)) 
2.04 0.93 2.18 4.75 0.03 3.24-5.88 
       
random effects 
     
Intercept: BR 9.23 
     
Intercept: BWR 9.39 
     
Intercept: SMR 10.10           
1
log(pullout force (N)) ~ scour depth (m) + log(root frontal area (m
2
)) + scour depth (m):log(root frontal 
area (m
2
)) + (1|Site) 
2
log(pullout force (N)) ~ scour depth (m) + log(root frontal area (m
2
)) + (1|Site) 
3
log(pullout force (N)) ~ scour depth (m) + log(root frontal area (m
2
))  + depth to highest root density (m) + 
scour depth (m): log(root frontal area (m
2
)) + (1|Site) 
Null
log(pullout force (N)) ~1 + (1|Site) 
*
Pseudo-R
2 
= 0.82. AIC = 138.1. Log-Likelihood = -63.1. Deviance = 126.1 on 46 residual degrees of 
freedom. 
**
Type II Wald χ
2 
test. 
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Table S3.6 AIC table of all-site candidate models predicting root frontal area (n = 87). The Top 
ten models (∆AIC < 4) are shown (ranked by AIC), in addition to the null model that includes 
only the random effect of site. Indicators include the log-likelihood of each model, the number of 
parameters (K), the Akaike Information Criteria (AIC), the AIC difference from the best model 
(∆AIC), and the Akaike weighting of each model among the candidate model set. Footnotes 
below are numbered by candidate model rank and show the parameters included in each model. 
Model results for the top model shown
*
. 
Candidate 
model rank 
Log-
Likelihood 
K AIC ∆AIC AIC Weight 
Cumulative 
Weight 
1 -80.42 4 169.32 0 0.35 0.35 
2 -78.39 6 169.81 0.49 0.28 0.63 
3 -80.18 5 171.1 1.78 0.14 0.77 
4 -81.68 4 171.84 2.51 0.1 0.87 
5 -79.56 6 172.15 2.83 0.09 0.96 
Null -118.69 3 243.66 74.34 0 1 
Parameter Estimate Std. error t value χ
2
 p (>χ
2
)
 **
 Effect size  
fixed effects 
Intercept -1.98 0.32 -6.18 
   
log(frontal area (m
2
)) 0.73 0.08 9.39 134.63 <0.001 4.18 
water table depth (m) -1.36 0.51 -2.67 0.36 0.55 0.10 
log(frontal area (m
2
)): water table 
depth (m) 
-0.30 0.11 -2.61 6.83 <0.01 5.15-3.04 
       
random effects 
     
Intercept: BR -1.98 
     
Interept: BWR -1.98 
     
Interept: SMR -1.98           
1
log(root frontal area (m
2
)) ~ log(basal diameter (m))  + (1:Site) 
2
log(root frontal area (m
2
)) ~ log(frontal area (m
2
)) + water table depth (m) + log(frontal area (m
2
)):water 
table depth (m) + (1:Site) 
3
log(root frontal area (m
2
)) ~ log(basal diameter (m)  +  water table depth (m) + (1:Site) 
4
log(root frontal area (m
2
)) ~ log(frontal area (m
2
)) + (1:Site) 
5
log(root frontal area (m
2
)) ~ log(basal diameter (m)  +  water table depth (m) + ~log(basal diameter (m) 
:water table depth (m) + (1:Site) 
Null
log(root frontal area (m
2
)) ~ (1:Site) 
*
Pseudo-R
2 
= 0.64. AIC = 168.8. Log-Likelihood = -78.4. Deviance = 156.8 on 82 residual degrees of 
freedom. 
**
Type II Wald χ
2 
test. 
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Table S3.7 AIC table of candidate models predicting pullout force (n = 38) by root morphology 
for the Arizona sites. The Top ten models (∆AIC < 4) are shown (ranked by AIC), in addition to 
the null model that includes only the random effect of site. Indicators include the log-likelihood 
of each model, the number of parameters (K), the Akaike Information Criteria (AIC), the AIC 
difference from the best model (∆AIC), and the Akaike weighting of each model among the 
candidate model set. Footnotes below are numbered by candidate model rank and show the 
parameters included in each model. Model results for the top model shown
*
. 
Candidate 
model 
Log-
Likelihood 
K AIC ∆AIC AIC Weight 
Cumulative 
Weight 
1
*
 -25.85 7 69.43 0 0.27 0.27 
2 -25.31 8 71.59 2.16 0.09 0.36 
3 -25.39 8 71.75 2.32 0.09 0.45 
4 -27.31 7 72.35 2.92 0.06 0.51 
5 -25.79 8 72.54 3.11 0.06 0.57 
6 -29.09 6 72.9 3.47 0.05 0.62 
7 -26 8 72.97 3.54 0.05 0.66 
Null model -47.02 3 100.74 31.32 0.00 1.00 
Parameter Estimate Std. error t value χ
2
 p (>χ
2
)
 **
 Effect size  
fixed effects 
Intercept 8.38 0.34 24.48 
   
scour depth (m) -3.25 0.72 -4.54 20.60 <0.001 0.97 
log(root length (m)) 2.45 0.28 8.66 77.70 <0.001 3.42 
species: Tamarix -1.35 0.39 -3.48 6.94 <0.01 0.38 
log(root length (m)):species: 
Tamarix 
-1.16 0.44 -2.66 7.10 <0.01 0.52-0.88 
       
random effects 
     
Intercept: BWR 8.16 
     
Intercept: SMR 8.60           
1
log(pullout force (N)) ~ scour depth (m) + log(root length (m)) + species + log(root length (m)):species + 
(1|Site) 
2
log(pullout force (N)) ~ scour depth (m) + log(root length (m)) + depth to highest root density (m) + 
species + log(root length (m):species + (1|Site) 
3
log(pullout force (N)) ~ scour depth (m) + log(root frontal area (m
2
)) + depth to highest root density (m) + 
species + log(root frontal area (m
2
)):depth to highest root density (m)  + (1|Site) 
4
log(pullout force (N)) ~ scour depth (m) + log(root length (m)) + depth to highest root density (m) + 
species + (1|Site) 
5
log(pullout force (N)) ~ scour depth (m) + log(root length (m)) + depth to highest root density (m) + 
species + scour depth (m):species + (1|Site) 
6
log(pullout force (N)) ~ scour depth (m) + log(root frontal area (m
2
))  + depth to highest root density (m) + 
scour depth (m): log(root frontal area (m
2
))+ (1|Site) 
7
log(pullout force (N)) ~ scour depth (m) + log(root frontal area (m
2
))  + depth to highest root density (m) + 
species + depth to highest root density (m):species + (1|Site) 
Null
log(pullout force (N)) ~1 + (1|Site) 
*
Pseudo-R
2 
= 0.72. AIC = 65.7. Log-Likelihood = -25.8. Deviance = 51.7 on 31 residual degrees of 
freedom. 
**
Type II Wald χ
2 
test. 
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Table S3.8 AIC table of candidate models predicting root length (n = 47) for the Arizona sites. 
The Top ten models (∆AIC < 4) are shown (ranked by AIC), in addition to the null model that 
includes only the random effect of site. Indicators include the log-likelihood of each model, the 
number of parameters (K), the Akaike Information Criteria (AIC), the AIC difference from the 
best model (∆AIC), and the Akaike weighting of each model among the candidate model rank 
and show the parameters included in each model. Model results for the top model shown
*
. 
Candidate 
model rank 
Log-
Likelihood 
K AIC ∆AIC AIC Weight 
Cumulative 
Weight 
1 -5.63 7 28.14 0 0.14 0.14 
2 -7.42 6 28.94 0.8 0.1 0.24 
3 -7.46 6 29.02 0.88 0.09 0.33 
4 -8.83 5 29.13 0.99 0.09 0.42 
5 -6.43 7 29.72 1.58 0.06 0.48 
6 -10.39 4 29.73 1.59 0.06 0.55 
7 -5.11 8 30 1.86 0.06 0.61 
8 -5.12 8 30.03 1.89 0.06 0.66 
9 -9.33 5 30.13 1.99 0.05 0.71 
10 -8.3 6 30.7 2.56 0.04 0.75 
Null model -17.31 3 41.17 13.03 0.00 1 
Parameter Estimate Std. error t value χ
2
 p (>χ
2
)
 **
 Effect size  
fixed effects 
Intercept -0.30 0.15 -1.99 
   
log(frontal area (m
2
)) 0.18 0.04 4.80 23.00 <0.001 0.69 
water table depth (m) 0.65 0.25 2.59 2.98 0.08 0.42 
species:Tamarix 0.34 0.11 3.19 6.29 0.01 0.29 
water table depth 
(m):species:Tamarix 
-0.77 0.39 -1.97 3.88 0.05 0.34-0.42 
       
random effects 
     
Interept: BWR -0.30 
     
Interept: SMR -0.30           
1
log(root length (m)) ~ log(frontal area (m
2
)) + water table depth (m) + species + water table depth 
(m):species + (1|Site) 
2
log(root length (m)) ~ log(basal diameter (m) + water table depth (m) + log(basal diameter (m)):water 
table depth (m) + (1|Site) 
3
log(root length (m)) ~ log(frontal area (m
2
)) + water table depth (m) + species + (1|Site) 
4
log(root length (m)) ~ log(frontal area (m
2
)) + species + (1|Site) 
5
log(root length (m)) ~ log(frontal area (m
2
)) + species + log(frontal area (m
2
)):species + (1|Site) 
6
log(root length (m)) ~ log(basal diameter (m) + (1|Site) 
7
log(root length (m)) ~ log(frontal area (m
2
)) + water table depth (m) + species + ~ log(frontal area 
(m
2
)):species + water table depth (m):species + (1|Site) 
8
log(root length (m)) ~ log(frontal area (m
2
)) + water table depth (m) + species + ~ log(frontal area 
(m
2
)):water table depth (m) + water table depth (m):species + (1|Site) 
9
log(root length (m)) ~ log(basal diameter (m) + water table depth (m) + (1|Site) 
10
log(root length (m)) ~ log(frontal area (m
2
)) + water table depth (m) + (1|Site) 
Null
log(root length (m)) ~1 + (1|Site) 
*
Pseudo-R
2 
= 0.39. AIC = 25.3. Log-Likelihood = -5.6. Deviance = 11.3 on 40 residual degrees of freedom. 
**
Type II Wald χ
2 
test. 
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Data Set S3.1 Pull test and excavation results. Salix and 0.4 m scour results were not used in the manuscript analyses to maintain consistency between sites, but 
are included in this data set. 
ID River Type 
Scour 
depth 
(m)1 
Easting 
(m)2 
Northing 
(m)2 
Elevation 
(m)3 
Species
4 
Depth to 
water table 
(m) 
Height (m) 
Basal 
diameter 
(m) 
Frontal 
area (m2) 
Pull- 
out force 
(N)  
Root 
frontal 
area (m2) 
Depth to 
highest 
root 
density 
(m) 
Root 
length (m)5 
11.1 BR Pull test 0 252671.843 284030.742 963.224 P 0.53 0.14 0.00267 0.00072 NA NA NA NA 
11.2 BR Pull test 0 252671.371 284027.789 963.231 P 0.52 0.29 0.01076 0.01676 470.9 NA NA 0 
11.2D BR Excavated 0 252671.371 284027.789 963.231 P 0.52 0.29 0.01076 0.01676 NA 0.00720 0.19 0.333 
11.3D BR Excavated 0 252669.852 284029.496 963.261 P 0.56 0.123 0.00264 0.00157 NA 0.00114 0.05 0.232 
11.4 BR Pull test 0 252676.475 284033.799 963.42 P 0.73 0.295 0.00449 0.00434 142.2 NA NA NA 
11.4D BR Excavated 0 252676.475 284033.799 963.42 P 0.73 0.295 0.00449 0.00434 NA NA NA 0.255 
11.5 BR Pull test 0 252670.257 284034.668 963.253 P 0.56 0.092 0.00301 0.00119 NA 0.00038 0.07 0.178 
11.6 BR Pull test 0 252678.068 284039.233 963.535 P 0.85 0.032 0.01106 0.03058 960.2 NA NA 0.22 
12.1 BR Pull test 0 252675.756 284026.409 963.333 P 0.63 0.295 0.00923 0.00846 777.3 NA NA 0 
12.1D BR Excavated 0 252675.756 284026.409 963.333 P 0.63 0.295 0.00923 0.00846 NA 0.00933 0.31 0.466 
12.2 BR Pull test 0 252670.158 284022.192 963.171 P 0.45 0.075 0.00152 0.00152 34.4 NA NA 0.036 
12.3D BR Excavated 0 NA NA NA P 0.55 0.215 0.00439 0.01373 NA 0.00575 0.21 NA 
12.4 BR Pull test 0 252674.364 284023.616 963.26 S 0.53 0.145 0.00612 0.00943 225.9 NA NA 0.195 
12.5 BR Pull test 0 252676.122 284021.024 963.251 P 0.53 0.122 0.0083 0.00462 90.9 NA NA 0.112 
12.6D BR Excavated 0 252675.797 284014.149 963.208 P 0.47 0.072 0.01222 0.00222 NA 0.00467 0.24 0.412 
12.7 BR Pull test 0 252676.54 284012.774 963.223 P 0.49 0.232 0.00371 0.00779 101.2 0.00621 0.17 0.375 
12.8 BR Pull test 0 252677.098 284008.529 963.162 P 0.46 0.205 0.00407 0.00368 82.2 NA NA 0.108 
12.9D BR Excavated 0 252675.987 284009.43 963.205 P 0.46 0.173 0.00602 0.00378 NA 0.00354 0.27 0.333 
12.1 BR Pull test 0 252677.93 284004.189 963.222 P 0.47 0.121 0.00249 0.00130 58.0 NA NA 0.02 
12.11 BR Pull test 0 252675.755 284008.132 963.184 P 0.41 0.187 0.00331 0.00460 100.0 NA NA 0.055 
14.1 BR Pull test 0 252685.38 283982.121 963.204 P 0.41 0.172 0.00361 0.00336 31.2 NA NA 0 
14.1D BR Excavated 0 252685.38 283982.121 963.204 P 0.41 0.172 0.00361 0.00336 NA NA NA 0.23 
14.2 BR Pull test 0 252685.961 283985.222 963.296 P 0.51 0.15 0.00266 0.00136 33.3 NA NA 0.029 
14.3D BR Excavated 0 252685.987 283979.936 963.286 P 0.49 0.122 0.0059 0.00719 NA 0.00482 0.45 0.465 
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14.4 BR Pull test 0 252686.849 283976.315 963.239 P 0.44 0.175 0.0052 0.00719 104.3 NA NA 0.15 
14.5 BR Pull test 0 252686.631 283975.265 963.241 P 0.44 0.11 0.00338 0.00233 38.7 NA NA 0.063 
14.6 BR Excavated 0 252689.426 283969.623 963.427 P 0.61 0.33 0.00853 0.01533 NA 0.00596 0.35 0.375 
14.7 BR Pull test 0 252691.479 283963.694 963.532 P 0.71 0.268 0.00597 0.00761 130.4 NA NA 0.138 
14.8 BR Pull test 0 252693.527 283955.178 963.648 P 0.8 0.148 0.00362 0.00210 106.9 NA NA 0 
14.8D BR Excavated 0 252693.527 283955.178 963.648 P 0.8 0.148 0.00362 0.00210 NA 0.00104 0.09 0.185 
14.9 BR Pull test 0 252691.782 283951.991 963.539 P 0.69 0.09 0.0022 0.00141 34.0 NA NA 0 
14.9D BR Excavated 0 252691.782 283951.991 963.539 P 0.69 0.09 0.0022 0.00141 NA 0.00066 0.1 0.052 
15.1 BR Pull test 0 252684.078 283975.808 963.242 S 0.44 0.31 0.00329 0.00322 124.0 NA NA 0.345 
15.2 BR Pull test 0 252682.36 283975.571 963.402 S 0.6 0.32 0.02182 0.02370 444.6 NA NA 0.035 
15.2D BR Excavated 0 252682.36 283975.571 963.402 S 0.6 0.32 0.02182 0.02370 NA NA NA 0.345 
15.3D BR Excavated 0 252683.035 283975.288 963.565 S 0.44 0.418 0.00835 0.02511 NA NA NA 0.34 
15.4 BR Pull test 0 252683.349 283974.451 963.513 S 0.7 0.725 0.00933 0.02494 542.6 NA NA 0.207 
15.5 BR Pull test 0 252683.109 283973.726 963.44 S 0.7 0.705 0.01969 0.05539 834.7 NA NA 0.2 
15.6D BR Excavated 0 252684.204 283973.314 963.508 S 0.7 0.265 0.00586 0.00725 NA NA NA 0.352 
16.1 BR Pull test 0 252682.688 283953.224 963.645 P 0.8 0.36 0.02979 0.06346 812.3 NA NA 0.188 
16.2 BR Pull test 0 252686.515 283948.899 963.693 P 0.84 0.233 0.00445 0.01328 291.8 NA NA 0 
16.3D BR Excavated 0 252691.152 283943.134 963.383 P 0.52 0.195 0.00332 0.03431 NA 0.00151 0.07 0.232 
16.4 BR Pull test 0 252686.508 283933.547 963.813 P 0.93 0.175 0.00373 0.00353 133.7 NA NA 0 
16.4D BR Excavated 0 252686.508 283933.547 963.813 P 0.93 0.175 0.00373 0.00353 NA 0.00157 0.14 0.395 
16.5 BR Pull test 0 252687.28 283927.507 963.787 P 0.9 0.495 0.01742 0.07409 866.4 NA NA 0.155 
16.6 BR Pull test 0 252686.538 283916.735 963.88 P 0.97 0.275 0.00675 0.00953 293.1 NA NA 0.213 
16.7D BR Excavated 0 252686.918 283906.688 963.836 P 0.91 0.32 0.01562 0.01627 NA 0.00501 0.47 0.58 
16.8 BR Pull test 0 252683.463 283903.308 963.848 P 0.92 0.265 0.01131 0.04283 447.3 NA NA 0.175 
18.1 BR Pull test 0 252678.872 283958.88 963.812 P 0.98 0.56 0.01073 0.02310 550.8 NA NA 0.095 
18.2 BR Pull test 0 252678.373 283954.915 963.805 P 0.97 0.378 0.00575 0.01253 214.6 NA NA 0.058 
18.3D BR Excavated 0 252679.373 283947.491 963.772 P 0.92 0.51 0.02207 0.04597 NA 0.01110 0.17 0.54 
18.4 BR Pull test 0 252678.765 283944.621 963.814 P 0.96 0.425 0.00755 0.03761 739.9 NA NA 0.16 
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18.5 BR Pull test 0 252678.223 283939.802 963.813 P 0.95 0.44 0.01605 0.03686 437.2 NA NA 0 
18.5D BR Excavated 0 252678.223 283939.802 963.813 P 0.95 0.44 0.01605 0.03686 NA 0.01672 0.36 0.515 
18.6 BR Pull test 0 252675.928 283935.684 963.75 P 0.88 0.588 0.01495 0.06028 973.3 NA NA 0.295 
18.7 BR Pull test 0 252678.239 283931.626 963.822 P 0.94 0.765 0.03186 0.14569 1789.9 NA NA 0 
18.7D BR Excavated 0 252678.239 283931.626 963.822 P 0.94 0.765 0.03186 0.14569 NA NA NA 0.572 
18.8D BR Excavated 0 252679.684 283928.668 963.84 P 0.96 0.82 0.03739 0.56951 NA NA NA NA 
18.9 BR Pull test 0 252681.244 283923.097 963.864 P 0.97 0.19 0.00375 0.00169 101.8 NA NA 0.083 
18.1 BR Pull test 0 252678.282 283920.004 963.979 P 1.08 0.95 0.01082 0.11039 1099.5 NA NA 0 
60.1 BR Pull test 0 252655.254 283947.402 963.902 P 0.99 0.78 0.01401 0.13115 1421.2 NA NA 0.445 
60.2 BR Pull test 0 252664.004 283954.015 964.074 P 1.19 0.12 0.00268 0.00131 34.6 NA NA 0.06 
60.3 BR Pull test 0 252662.718 283960.767 964.034 P 1.16 0.52 0.00971 0.03708 720.9 NA NA 0.213 
60.4a BR Excavated 0 252659.51 283966.925 964.12 P 1.24 0.45 0.00622 0.02165 NA 0.01107 0.16 0.52 
60.4b BR Excavated 0 252659.51 283966.925 964.12 P 1.24 0.45 0.00762 0.02208 NA 0.00928 0.33 0.43 
60.4c BR Excavated 0 252659.51 283966.925 964.12 P 1.24 0.515 0.03495 0.11600 NA 0.02501 0.41 0.54 
60.5 BR Pull test 0 252656.964 283966.529 964.088 P 1.2 0.5 0.0123 0.07036 1120.8 NA NA 0.35 
60.6 BR Pull test 0 252656.715 283970.31 964.065 P 1.18 0.46 0.00311 0.00096 54.7 NA NA 0.032 
60.7 BR Pull test 0 252654.412 283955.117 963.927 P 1.02 0.315 0.00871 0.00814 175.1 NA NA 0.13 
60.8 BR Excavated 0 252652.134 283949.328 963.75 P 0.84 0.508 0.01169 0.02848 NA 0.00915 0.31 0.05 
60.9 BR Pull test 0 252654.766 283945.356 963.79 P 0.87 0.522 0.0107 0.02391 615.7 NA NA 0.175 
60.1 BR Pull test 0 252657.073 283945.771 963.908 P 0.99 0.735 0.01415 0.08733 491.5 NA NA 0.27 
60.11 BR Pull test 0 252653.759 283946.656 963.734 P 0.99 0.16 0.00666 0.00332 145.5 NA NA 0.06 
62.1 BR Pull test 0 252644.057 283962.35 963.627 P 0.73 0.94 0.01612 0.00978 1014.9 NA NA 0.28 
62.2 BR Pull test 0 252644.64 283960.943 963.627 P 0.73 0.375 0.00473 0.00339 162.9 NA NA 0.185 
62.3 BR Pull test 0 252642.096 283961.695 963.733 P 0.83 0.555 0.00884 0.01553 328.5 NA NA 0.125 
62.4 BR Excavated 0 252641.855 283964.645 963.754 P 0.86 0.72 0.01991 0.08306 NA NA NA 0.485 
62.5 BR Pull test 0 252643.426 283968.319 963.706 P 0.82 0.13 0.00263 0.00090 16.9 NA NA 0.058 
62.6 BR Pull test 0 252640.852 283972.196 963.765 P 0.88 0.73 0.0151 0.07608 994.7 NA NA 0.21 
62.7 BR Pull test 0 252642.549 283975.184 963.732 P 0.85 0.265 0.00372 0.00173 92.7 NA NA 0.06 
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62.8 BR Excavated 0 252642.014 283979.638 963.743 P 0.87 0.49 0.00881 0.02157 NA 0.00621 0.14 0.35 
62.9 BR Pull test 0 252642.028 283982.763 963.684 P 0.81 0.34 0.00811 0.01897 284.9 NA NA 0.03 
62.1 BR Pull test 0 252639.033 283985.209 963.75 P 0.88 0.47 0.0082 0.00827 187.6 NA NA 0 
62.11 BR Pull test 0 252642.742 283988.952 963.646 P 0.78 0.43 0.01023 0.02795 434.1 NA NA 0.17 
62.12 BR Excavated 0 252643.996 283992.88 963.612 P 0.75 0.38 0.00968 0.03307 NA 0.01926 0.18 0.48 
62.13 BR Pull test 0 252643.676 283997.449 963.603 P 0.75 0.355 0.00635 0.00500 292.7 NA NA 0.195 
62.14 BR Pull test 0 252643.03 284001.725 963.616 P 0.77 0.27 0.00664 0.00480 90.3 NA NA 0.02 
19.1 BR Pull test 0 252688.678 283896.357 963.787 P 0.84 0.255 0.01427 0.01529 208.3 NA NA 0 
19.2 BR Pull test 0 252688.011 283891.722 963.857 P 0.91 0.4 0.02682 0.07973 1828.0 NA NA 0 
19.3 BR Pull test 0 252689.316 283887.107 963.922 P 0.96 0.41 0.00649 0.01864 389.2 NA NA 0.065 
19.4a BR Excavated 0 252689.215 283884.151 963.925 P 0.96 0.645 0.0113 0.20285 NA NA NA 0.52 
19.4b BR Excavated 0 252689.215 283884.151 963.925 P 0.96 0.645 0.01625 NA NA NA NA 0.56 
20.1 BR Pull test 0 252691.092 283888.112 963.914 P 0.95 0.085 0.00294 0.00055 34.7 NA NA 0.087 
20.2 BR Pull test 0 252691.544 283885.225 964.052 P 1.09 0.18 0.00455 0.00286 73.5 NA NA 0.1 
20.3 BR Pull test 0 252691.395 283883.39 964.04 P 1.07 0.195 0.00434 0.00239 88.5 NA NA 0.078 
20.4 BR Excavated 0 252690.192 283881.557 964.017 P 1.05 0.395 0.00505 0.00018 NA 0.00723 0.09 0.53 
20.5 BR Pull test 0 252690.605 283878.969 964.083 P 1.12 0.04 0.00135 NA NA NA NA NA 
20.6 BR Pull test 0 252690.618 283879.025 964.015 P 1.04 0.095 0.00221 0.00059 NA NA NA 0 
20.7 BR Pull test 0 252690.61 283875.589 964.047 P 1.07 0.105 0.00183 0.00025 NA NA NA 0 
20.8 BR Pull test 0 252691.293 283873.517 964.087 P 1.1 0.145 0.00272 0.00144 44.1 NA NA 0 
20.9 BR Excavated 0 252688.712 283873.379 964.173 P 1.19 0.225 0.00471 0.00288 NA 0.00585 0.19 0.405 
20.1 BR Pull test 0 252689.162 283872.366 964.155 P 1.19 0.325 0.02243 0.05656 1885.3 NA NA 0.35 
20.11 BR Pull test 0 252689.555 283871.658 964.134 P 1.15 0.305 0.00679 0.00533 184.3 NA NA 0.028 
20.12 BR Pull test 0 252689.747 283870.254 964.138 P 1.15 0.145 0.00318 0.00110 NA NA NA 0.11 
25.1 BR Pull test 0 252684.072 283870.523 963.773 P 0.77 0.24 0.00687 0.00962 269.2 NA NA 0.11 
25.2 BR Pull test 0 252679.619 283865.871 963.641 P 0.62 0.006 0.00084 0.00005 NA NA NA 0 
25.3 BR Pull test 0 252680.788 283860.019 963.617 P 0.6 0.009 0.00073 0.00006 NA NA NA 0 
25.4 BR Excavated 0 252678.256 283856.226 963.59 P 0.56 0.009 0.00088 0.00003 NA NA NA 0.225 
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25.5 BR Pull test 0 252682.716 283844.406 963.614 P 0.57 0.008 0.00082 0.00005 NA NA NA 0.016 
25.6 BR Pull test 0 252680.572 283846.946 963.499 P 0.46 0.022 0.0115 0.00088 54.3 NA NA 0.115 
25.7 BR Pull test 0 252681.218 283844.443 963.526 P 0.48 0.026 0.0135 0.00081 NA NA NA 0.065 
26.1 BR Pull test 0 252678.043 283843.162 963.894 P 0.85 0.305 0.0035 0.00407 91.5 NA NA 0.2 
26.2 BR Pull test 0 252679.531 283837.704 963.803 P 0.76 0.32 0.00516 0.00669 157.5 NA NA 0.27 
26.3 BR Pull test 0 252681.746 283833.476 963.895 P 0.84 0.09 0.00142 0.00060 NA NA NA 0.045 
26.4 BR Excavated 0 252683.231 283830.213 964.026 P 0.97 0.39 0.01155 0.01410 NA 0.01689 0.25 0.485 
26.5 BR Pull test 0 252683.117 283824.218 964.045 P 0.98 0.43 0.01149 0.01604 552.9 NA NA 0.23 
26.6 BR Pull test 0 252680.361 283817.861 964.038 P 0.95 0.3 0.01106 NA 294.5 NA NA 0.035 
26.7 BR Pull test 0 252682.032 283809.845 964.288 P 1.18 0.335 0.0158 0.04192 640.1 NA NA 0.29 
26.8 BR Excavated 0 252682.795 283805.115 964.383 P 1.18 0.255 0.00528 0.00754 NA 0.00762 0.29 0.44 
26.9 BR Pull test 0 252679.521 283803.266 964.169 P 1.04 0.12 0.00269 0.00043 71.5 NA NA 0.095 
26.1 BR Pull test 0 252680.148 283799.801 964.222 P 1.08 0.135 0.00501 0.00160 97.4 NA NA 0.035 
26.11 BR Pull test 0 252679.062 283790.734 964.303 P 1.14 0.36 0.00588 0.00814 219.0 NA NA 0.073 
26.12 BR Excavated 0 252676.658 283774.891 964.323 P 1.11 0.15 0.00365 0.00189 NA 0.00193 0.27 0.32 
26.13 BR Pull test 0 252675.265 283771.764 964.315 P 1.09 0.375 0.00894 0.00742 259.8 NA NA NA 
26.14 BR Pull test 0 252676.959 283766.744 964.237 P 1 0.22 0.00628 0.00331 170.7 NA NA 0.07 
BWR1.1 BWR Pull test 0 245798.355 3791699.841 240.019 T 0.1 0.695 0.01639 0.01406 164.3 NA NA 0.29 
BWR1.2 BWR Pull test 0 245794.099 3791700.015 240.051 T 0.11 1.607 0.06527 0.09459 1234.4 0.03098 0.11 0.64 
BWR1.3 BWR Pull test 0 245800.759 3791701.512 240.028 T 0.08 1.031 0.04139 0.10641 530.4 0.02131 0.21 0.54 
BWR1.4 BWR Excavated 0 245800.34 3791701.184 240.013 T 0.06 0.763 0.04024 0.01239 NA NA NA NA 
BWR1.5 BWR Excavated 0 NA NA NA T NA 0.969 0.02668 NA NA NA NA 0.49 
BWR1.6 BWR Excavated 0 NA NA NA T NA 0.969 0.01058 0.01598 NA 0.00647 0.38 0.49 
BWR1.7 BWR Pull test 0 245795.244 3791697.172 240.028 P 0.14 2.62 0.025 0.32372 631.2 NA NA 0.63 
BWR1.8 BWR Pull test 0 245798.492 3791699.299 240.054 P 0.13 1.658 0.0257 0.13552 1371.7 0.05363 0.17 0.735 
BWR1.9 BWR Pull test 0 245780.3 3791699.134 239.98 T 0.05 1.922 0.07533 0.09405 618.8 NA NA 0.615 
BWR2.1 BWR Pull test 0 245773.707 3791697.048 239.97 T 0.06 2.21 0.06268 0.06340 716.7 NA NA 0.465 
BWR2.2 BWR Pull test 0 245773.344 3791696.036 240.091 T 0.19 1.512 0.04873 0.03935 773.2 NA NA 0.44 
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BWR2.3 BWR Pull test 0 245772.419 3791695.778 239.995 T 0.09 1.22 0.02152 0.04408 NA NA NA 0.665 
BWR2.4 BWR Pull test 0 245772.481 3791695.019 239.982 T 0.09 1.86 0.02217 0.07917 838.3 NA NA 0.475 
BWR2.5 BWR Pull test 0 245770.793 3791693.245 239.877 T -0.01 0.95 0.00662 0.00914 201.2 0.00670 0.09 0.35 
BWR2.6 BWR Pull test 0 245770.142 3791692.358 239.945 T 0.06 0.829 0.02871 0.01612 395.6 0.00899 0.31 0.485 
BWR2.7 BWR Pull test 0 245772.107 3791697.146 239.864 T -0.04 0.692 0.00627 0.00852 102.1 NA NA 0.535 
BWR2.8 BWR Pull test 0 245772.03 3791697.265 239.892 T -0.01 0.995 0.01854 0.00738 183.0 NA NA 0.34 
BWR2.9 BWR Pull test 0 245770.591 3791693.135 239.921 T 0.04 1.05 0.02495 0.02578 408.1 NA NA 0.57 
BWR2.10 BWR Pull test 0 245769.408 3791692.743 239.902 T 0.02 2.32 0.03464 0.06571 863.4 NA NA 0.695 
BWR2.11 BWR Excavated 0 245770.407 3791693.074 239.865 T -0.01 0.392 0.00706 0.00307 NA 0.00390 0.19 0.468 
BWR2.12 BWR Pull test 0 245768.845 3791692.067 239.881 T 0 1.3 0.01898 0.01983 355.3 NA NA 0.463 
BWR2.13 BWR Pull test 0 245770.798 3791693.086 239.878 T 0 1.31 0.01986 0.01421 277.5 NA NA 0.445 
BWR2.14 BWR Pull test 0 245773.26 3791697.801 239.928 T 0.02 0.625 0.00474 0.00823 274.3 NA NA 0 
BWR2.15 BWR Excavated 0 245776.642 3791697.829 239.914 T 0 1.185 0.06225 0.09675 NA 0.01829 0.33 0.69 
BWR2.16 BWR Pull test 0 245771.038 3791694.23 239.98 T 0.09 1.43 0.0178 0.04604 526.5 NA NA 0.395 
BWR2.17 BWR Pull test 0 245772.021 3791697.404 240.007 T 0.1 1 0.0194 0.02720 153.8 NA NA 0.325 
BWR2.18 BWR Pull test 0.2 245771.912 3791697.122 240.017 T 0.11 0.8 0.0088 0.01201 172.6 NA NA 0.395 
BWR2.19 BWR Pull test 0.2 245770.876 3791694.781 239.938 T 0.05 1.71 0.05851 0.05375 161.8 0.01978 0.41 0.43 
BWR2.20 BWR Pull test 0.2 245770.829 3791694.757 239.943 T 0.05 2.51 0.04057 0.05236 206.9 0.01640 0.28 0.44 
BWR2.21 BWR Pull test 0.2 245771.031 3791693.312 239.894 T 0.01 1.42 0.01322 0.02039 191.5 NA NA 0.565 
BWR2.22 BWR Pull test 0.2 245771.299 3791697.427 239.944 T 0.04 0.885 0.00547 0.00907 311.7 NA NA 0.41 
BWR1.11 BWR Pull test 0 245793.418 3791696.975 240.153 P 0.24 1.75 0.01686 0.05577 1017.1 NA NA 0.395 
BWR1.12 BWR Pull test 0 245794.708 3791697.203 240.107 P 0.21 1.33 0.0123 0.01530 643.0 NA NA 0.055 
BWR1.13 BWR Pull test 0 245804.227 3791703.021 240.061 P 0.1 2.021 0.03223 0.31520 2314.1 NA NA 0.532 
BWR3.2 BWR Pull test 0 245798.489 3791687.828 239.212 P -0.81 0.975 0.00687 0.01087 104.8 NA NA 0.25 
BWR3.3 BWR Pull test 0 245798.258 3791687.837 239.211 P -0.79 0.832 0.00573 0.00924 53.6 NA NA 0.192 
BWR3.4 BWR Pull test 0 245797.909 3791687.897 239.283 P -0.73 1.43 0.01029 0.02735 97.4 NA NA 0.2 
BWR3.5 BWR Pull test 0 245797.693 3791687.822 239.215 P -0.8 1.092 0.00854 0.01006 80.1 NA NA 0.225 
BWR3.6 BWR Pull test 0 245797.391 3791687.844 239.348 P -0.67 1.562 0.00912 0.02375 163.7 NA NA 0.19 
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BWR3.7 BWR Pull test 0 245796.145 3791687.746 239.294 P -0.72 1.805 0.01087 0.03307 140.0 NA NA 0.248 
BWR3.8 BWR Pull test 0 245795.616 3791687.853 239.249 P -0.74 1.5 0.01007 0.02677 70.0 NA NA 0.26 
BWR3.9 BWR Pull test 0 245795.364 3791687.651 239.217 P -0.79 0.985 0.00988 0.01482 31.7 NA NA 0.178 
BWR3.10 BWR Pull test 0 245793.771 3791689.114 239.248 P -0.76 0.902 0.00485 0.00718 25.1 NA NA 0.175 
BWR3.11 BWR Pull test 0 245795.385 3791689.698 239.429 P -0.59 0.642 0.00402 0.00324 64.7 0.00194 0.16 0.29 
BWR3.12 BWR Pull test 0 245795.34 3791689.497 239.401 P -0.61 0.442 0.00676 0.00343 72.4 0.00218 0.14 0.272 
BWR3.13 BWR Pull test 0 245796.114 3791690.279 239.556 P -0.44 0.755 0.01655 0.04309 200.2 NA NA 0.455 
BWR3.14 BWR Pull test 0 245796.571 3791689.745 239.45 P -0.55 0.785 0.00547 0.00773 74.7 0.00500 0.11 0.242 
BWR3.15 BWR Pull test 0 245797.226 3791690.23 239.486 P -0.54 1.015 0.00837 0.01473 211.1 NA NA 0.28 
BWR3.16 BWR Pull test 0 245797.371 3791690.151 239.487 P -0.54 0.62 0.00831 0.01087 331.3 0.00755 0.09 0.322 
BWR4.1 BWR Pull test 0 245680.804 3791636.71 239.235 P -0.22 1.175 0.01538 0.03844 883.4 NA NA 0.59 
BWR4.2 BWR Pull test 0 245681.078 3791637.405 239.298 T -0.17 0.715 0.00779 0.00676 99.1 0.00272 0.21 0.362 
BWR4.3 BWR Pull test 0 245679.472 3791637.363 239.476 T 0.02 0.84 0.01721 0.02625 384.7 NA NA 0.215 
BWR4.4 BWR Pull test 0.2 245672.911 3791633.222 239.37 P 0.02 1.82 0.02252 0.13305 836.1 0.04517 0.19 0.785 
BWR4.5 BWR Pull test 0 245673.595 3791635.678 239.288 S -0.09 1.99 0.02471 0.04458 1442.6 0.02525 0.56 0.59 
BWR4.6 BWR Pull test 0 245673.836 3791635.361 239.372 S 0 1.53 0.02719 0.02851 1407.8 NA NA 0.445 
BWR4.7 BWR Pull test 0.2 245672.241 3791632.464 239.347 P 0.01 2.31 0.0237 0.12807 1348.4 0.03291 0.58 0.72 
BWR4.8 BWR Pull test 0 245671.051 3791633.672 239.334 S 0.01 1.745 0.02302 0.06242 2058.3 0.04021 0.2 0.755 
BWR4.9 BWR Pull test 0 245671.642 3791632.032 239.397 T NA 1.15 0.0188 0.02166 253.3 NA NA 0.285 
BWR4.10 BWR Excavated 0 245672.205 3791632.685 239.345 T 0 0.755 0.01534 0.01421 NA 0.01089 0.26 0.685 
BWR4.11 BWR Excavated 0 245737.036 3791662.332 239.899 P 0.56 0.72 0.00893 0.01243 NA 0.00923 0.35 0.51 
BWR5.1 BWR Pull test 0 245651.528 3791626.956 239.274 P 0.06 0.671 0.01451 0.01603 162.3 NA NA 0 
BWR5.2 BWR Pull test 0.2 245647.441 3791628.084 239.292 P 0.1 0.845 0.01075 0.03293 541.4 NA NA 0.29 
BWR5.3 BWR Pull test 0.2 245643.868 3791625.749 239.251 P 0.06 1.43 0.0193 0.05187 918.0 0.02931 0.36 0.65 
BWR5.4 BWR Pull test 0 245643.193 3791626.447 239.248 P 0.06 0.785 0.0244 0.06724 673.5 NA NA 0.455 
BWR5.6 BWR Pull test 0 245645.542 3791623.802 239.334 P 0.14 1.17 0.01255 0.04649 703.1 0.01562 0.32 0.565 
BWR5.7 BWR Pull test 0.2 245635.044 3791618.676 239.353 P 0.18 1 0.0156 0.02919 593.9 NA NA 0.535 
BWR5.8 BWR Pull test 0.2 245631.718 3791616.456 239.26 P 0.09 0.71 0.01314 0.03210 416.0 NA NA 0.545 
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BWR5.9 BWR Pull test 0 245628.868 3791619.124 239.182 P 0 0.91 0.02913 0.09773 596.0 NA NA 0.435 
BWR5.10 BWR Pull test 0.2 245630.33 3791616.246 239.208 T 0.03 0.66 0.01007 0.00684 172.6 NA NA 0.355 
BWR5.11 BWR Pull test 0 245629.457 3791615.451 239.212 T 0.04 0.615 0.01836 0.01152 416.1 NA NA 0.41 
BWR5.12 BWR Pull test 0 245629.082 3791614.873 239.233 T 0.07 0.465 0.00814 0.00411 181.3 0.00235 0.12 0.405 
BWR5.13 BWR Pull test 0.2 245629.887 3791614.412 239.275 T 0.11 0.745 0.01041 0.01459 208.1 NA NA 0.44 
BWR5.14 BWR Pull test 0 245629.061 3791614.336 239.24 T 0.07 1.07 0.02528 0.02196 744.3 0.00510 0.08 0.82 
BWR6.1 BWR Pull test 0 245669.014 3791646.85 239.338 P -0.03 1.227 0.07065 0.07830 964.1 NA NA 0.585 
BWR6.2 BWR Pull test 0 245668.943 3791647.979 239.328 P -0.05 1.155 0.06261 0.17117 1726.6 NA NA 0.675 
BWR6.3 BWR Pull test 0 245669.278 3791647.665 239.366 P -0.5 1.165 0.04146 0.15346 1869.1 NA NA 0.55 
BWR6.4 BWR Pull test 0.2 245670.365 3791646.711 239.366 P -0.04 1.201 0.02688 0.16149 2029.4 NA NA 0.82 
BWR6.5 BWR Pull test 0.2 245671.135 3791649.334 239.375 P -0.08 1.125 0.03564 0.07001 523.6 NA NA 0.545 
BWR6.6 BWR Pull test 0 245666.112 3791645.683 239.311 T -0.04 0.555 0.01391 0.00616 249.0 0.00284 0.14 0.465 
BWR6.7 BWR Pull test 0 245665.821 3791645.93 239.329 T -0.03 0.655 0.03145 0.03218 569.8 0.01054 0.15 0.665 
BWR6.9 BWR Pull test 0 245663.667 3791645.938 239.294 T -0.04 0.965 0.02187 0.02993 330.7 NA NA 0.505 
BWR6.11 BWR Pull test 0 245663.655 3791645.018 239.233 P -0.1 0.88 0.0154 0.02116 183.8 0.01071 0.23 0.21 
BWR6.12 BWR Pull test 0 245667.47 3791641.563 238.927 S -0.41 1.26 0.0072 0.01440 185.8 NA NA 0.265 
BWR6.13 BWR Pull test 0 245667.607 3791641.557 238.943 T -0.39 0.975 0.00622 0.02080 216.1 NA NA 0.325 
BWR6.14 BWR Pull test 0 245667.912 3791641.458 239.056 P -0.28 1.145 0.01291 0.04644 898.0 NA NA 0.355 
BWR6.15 BWR Pull test 0 245667.612 3791641.138 238.971 S -0.36 1.047 0.01023 0.01979 268.4 0.02136 0.3 0.39 
BWR6.16 BWR Pull test 0 245667.574 3791640.356 239.029 P -0.3 1.56 0.00992 0.04093 372.7 NA NA 0.47 
BWR6.17 BWR Pull test 0 245667.117 3791639.672 238.959 P -0.36 1.41 0.00959 0.02345 311.1 NA NA 0.255 
BWR6.18 BWR Pull test 0 245666.807 3791639.086 239.029 P -0.28 1.977 0.0196 0.15725 1792.5 NA NA 0.469 
SMR1.1 SMR Pull test 0 271728.545 3798278.355 364.569 T 0.43 0.612 0.00771 0.14892 782.3 NA NA 0 
SMR1.2 SMR Pull test 0 271728.517 3798278.23 364.505 T 0.37 1.025 0.0136 0.00555 664.4 NA NA 0.23 
SMR1.3 SMR Pull test 0 271729.168 3798278.689 364.477 T 0.34 1.81 0.03332 0.07931 2302.9 NA NA 0.52 
SMR1.4 SMR Pull test 0 271729.272 3798278.425 364.579 T 0.44 1.035 0.01567 0.01013 890.2 NA NA 0.4 
SMR1.5 SMR Pull test 0 271729.374 3798278.428 364.511 T 0.37 1.08 0.01568 0.03427 985.1 NA NA 0.332 
SMR1.6 SMR Pull test 0 271726.781 3798278.152 364.519 P 0.37 0.83 0.00727 0.01008 482.9 NA NA 0.048 
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SMR1.7 SMR Pull test 0 271726.928 3798278.104 364.494 P 0.35 1.55 0.01529 0.03403 1212.1 NA NA 0.332 
SMR2.1 SMR Pull test 0 271536.41 3798405.764 363.909 P 0.74 1.2 0.02048 0.02823 1400.5 NA NA 0.295 
SMR2.2 SMR Pull test 0 271537.988 3798404.308 363.837 P 0.67 0.556 0.00817 0.01462 366.4 NA NA 0.07 
SMR2.3 SMR Pull test 0 271538.436 3798404.145 363.831 P 0.66 0.55 0.01115 0.01988 320.2 NA NA 0.092 
SMR2.4 SMR Pull test 0 271538.569 3798403.183 363.816 P 0.64 0.61 0.00945 0.03480 838.7 NA NA 0.26 
SMR2.5 SMR Pull test 0.2 271540.345 3798403.318 363.854 P 0.67 1.16 0.02455 0.09578 2155.0 NA NA 0.556 
SMR2.6 SMR Pull test 0.2 271541.431 3798402.519 363.871 P 0.7 1.11 0.03057 0.08363 815.4 NA NA 0.399 
SMR2.7 SMR Pull test 0.2 271543.126 3798402.067 363.832 P 0.64 0.799 0.03406 0.03480 550.9 0.01146 0.04 0.475 
SMR2.8 SMR Pull test 0.2 271544.005 3798402.32 363.775 P 0.58 1.45 0.02561 0.09045 1071.9 NA NA 0.39 
SMR2.9 SMR Pull test 0.2 271544.486 3798401.899 363.786 P 0.59 1.55 0.0348 0.12304 1337.5 NA NA 0.545 
SMR2.10 SMR Pull test 0.2 271545.281 3798401.029 363.805 P 0.61 1.05 0.01823 0.06014 1040.5 NA NA 0.38 
SMR2.11 SMR Pull test 0.2 271545.764 3798400.814 363.81 P 0.6 0.69 0.01299 0.01410 244.4 NA NA 0.525 
SMR2.12 SMR Pull test 0 271545.623 3798400.127 363.884 P 0.67 0.61 0.00925 0.01199 904.2 NA NA 0.262 
SMR2.13 SMR Pull test 0 271547.932 3798399.933 363.828 P 0.61 1.025 0.01062 0.01531 1052.5 NA NA 0.295 
SMR2.14 SMR Pull test 0 271548.601 3798398.858 363.891 P 0.68 0.4 0.00365 0.00381 244.3 NA NA 0.273 
SMR2.15 SMR Pull test 0 271549.715 3798398.946 363.846 P 0.62 0.52 0.00371 0.00510 197.7 NA NA 0.04 
SMR2.16 SMR Pull test 0 271549.927 3798398.809 363.841 P 0.62 0.72 0.00415 0.00988 165.4 NA NA 0.125 
SMR2.21 SMR Pull test 0 271551.757 3798398.011 363.812 T 0.58 0.55 0.01412 0.01839 313.2 0.00310 0.2 0.25 
SMR2.23 SMR Pull test 0 271554.213 3798401.579 363.738 T 0.5 0.52 0.00946 0.01840 412.0 NA NA 0.101 
SMR2.24 SMR Pull test 0 271554.236 3798400.914 363.741 T 0.5 1 0.00813 0.00553 326.2 NA NA 0.31 
SMR3.3 SMR Pull test 0 271615.058 3798427.379 363.881 T 0.47 0.801 0.00989 0.01517 350.6 NA NA 0.245 
SMR3.4 SMR Pull test 0 271615.244 3798427.42 363.898 T 0.5 0.428 0.00726 0.00924 216.9 NA NA 0.22 
SMR3.5 SMR Pull test 0 271615.295 3798427.342 363.891 T 0.49 0.59 0.0056 0.00596 208.6 NA NA 0 
SMR3.7 SMR Pull test 0 271615.136 3798426.842 363.862 T 0.44 0.565 0.0066 0.00683 182.7 NA NA 0.098 
SMR3.9 SMR Pull test 0 271616.374 3798425.272 363.882 T 0.45 0.52 0.00452 0.00660 266.5 NA NA 0.19 
SMR3.10 SMR Pull test 0 271617.059 3798424.999 363.896 T 0.46 0.61 0.00805 0.00917 321.2 NA NA 0 
SMR3.11 SMR Pull test 0 271617.869 3798424.627 363.864 T 0.42 1.13 0.00917 0.03728 888.9 NA NA 0.375 
SMR3.12 SMR Pull test 0 271618.165 3798425.404 363.869 T 0.45 0.89 0.01446 0.03209 876.1 NA NA 0.4 
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SMR3.15 SMR Pull test 0 271618.195 3798424.171 363.849 T 0.4 0.65 0.0032 0.00277 201.7 NA NA 0.95 
SMR3.16 SMR Pull test 0 271618.405 3798423.987 363.853 T 0.41 1.16 0.00726 0.00952 682.8 NA NA 0.11 
SMR3.17 SMR Pull test 0 271620.301 3798424.124 363.791 T 0.36 0.34 0.00702 0.00200 102.3 NA NA 0.12 
SMR3.18 SMR Pull test 0 271620.268 3798424.36 363.783 T 0.35 0.52 0.00614 0.00365 772.0 NA NA 0.12 
SMR3.19 SMR Pull test 0 271620.588 3798424.325 363.799 T 0.36 0.895 0.01179 0.01074 416.5 NA NA 0.14 
SMR3.20 SMR Excavated 0 271623.456 3798422.437 363.82 T 0.36 1 0.01715 0.04258 NA 0.01972 0.29 0.55 
SMR3.21 SMR Excavated 0 NA NA NA T NA 0.71 0.01019 0.01440 NA 0.01960 0.12 0.8 
SMR3.22 SMR Excavated 0 NA NA NA T NA 0.36 0.00631 0.00450 NA 0.00313 0.03 0.48 
SMR3.23 SMR Pull test 0 NA NA NA T NA 0.46 0.01015 0.00534 NA 0.00716 0.12 0.57 
SMR3.24 SMR Pull test 0.3 271619.948 3798424.281 363.837 P 0.4 1.5 0.01514 0.06662 431.4 0.01087 0.09 0.52 
SMR3.25 SMR Pull test 0.3 271619.073 3798424.668 363.821 P 0.39 1.23 0.01411 0.05960 415.2 NA NA 0.49 
SMR3.27 SMR Pull test 0 271617.055 3798425.479 363.923 P 0.49 0.415 0.00494 0.00788 271.0 NA NA 0.11 
SMR3.28 SMR Pull test 0.3 271617.303 3798425.774 363.842 P 0.4 0.655 0.0096 0.02034 147.2 NA NA 0.3 
SMR3.29 SMR Pull test 0 271616.855 3798426.27 363.848 P 0.44 0.83 0.01835 0.06770 877.4 NA NA 0.245 
SMR3.30 SMR Pull test 0 271616.21 3798426.428 363.844 P 0.43 1.22 0.01476 0.05060 922.1 NA NA 0.29 
SMR3.31 SMR Pull test 0 271617.461 3798427.037 363.793 P 0.39 1.175 0.01171 0.04410 785.1 NA NA 0.245 
SMR3.32 SMR Pull test 0 271616.866 3798428.061 363.741 P 0.37 0.737 0.01216 0.03480 650.2 NA NA 0.11 
SMR3.33 SMR Pull test 0.3 271616.298 3798427.553 363.866 P 0.47 1.065 0.01179 0.05820 675.1 NA NA 0.435 
SMR3.34 SMR Pull test 0 271615.48 3798427.278 363.895 P 0.5 0.465 0.01115 0.01839 265.8 NA NA 0.165 
SMR3.35 SMR Pull test 0 271615.506 3798426.898 363.859 P 0.46 0.54 0.00618 0.01189 243.8 NA NA 0.125 
SMR3.36 SMR Pull test 0 271614.979 3798428.75 363.874 P 0.5 0.675 0.02724 0.05687 1057.0 NA NA 0 
SMR3.37 SMR Pull test 0 271613.6 3798428.439 363.847 P 0.45 0.5 0.00902 0.02149 585.7 0.00575 0.16 0.41 
SMR3.38 SMR Pull test 0 271613.503 3798428.416 363.847 P 0.45 0.42 0.00668 0.01396 549.1 NA NA 0.375 
SMR3.39 SMR Pull test 0.3 271615.024 3798429.987 363.782 P 0.42 0.93 0.01465 0.03648 96.8 0.00773 0.15 0.29 
SMR3.40 SMR Pull test 0.3 271614.816 3798430.078 363.808 P 0.45 1.34 0.01798 0.11707 133.0 NA NA 0.17 
SMR3.41 SMR Pull test 0.3 271637.346 3798404.133 363.969 T 0.4 0.621 0.00861 0.00826 126.7 0.00574 0.15 0.53 
SMR3.42 SMR Pull test 0.3 271637.566 3798403.904 363.978 T 0.41 0.5 0.0164 0.00563 121.4 0.00506 0.16 0.4 
SMR3.43 SMR Pull test 0.3 271637.603 3798403.748 363.995 T 0.43 0.755 0.00413 0.00545 116.6 0.00375 0.19 0.395 
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SMR3.44 SMR Pull test 0.3 271638.058 3798404.157 364.015 T 0.44 0.66 0.0224 0.03327 316.9 0.01947 0.06 0.85 
SMR3.45 SMR Pull test 0.3 271638.124 3798404.235 363.999 T 0.42 0.49 0.01127 0.01982 123.5 NA NA 0.455 
SMR3.47 SMR Pull test 0.2 271639.433 3798404.311 364.021 T 0.44 0.94 0.0052 0.00909 470.7 0.00581 0.16 0.485 
SMR3.48 SMR Pull test 0.2 271639.601 3798403.583 364.034 T 0.45 0.91 0.00433 0.00466 365.1 NA NA 0.375 
SMR3.49 SMR Pull test 0.2 271640.105 3798403.2 364.03 T 0.44 0.92 0.00555 0.00674 114.1 NA NA 0.295 
SMR3.50 SMR Pull test 0.2 271640.964 3798402.501 363.984 T 0.38 0.83 0.01851 0.01335 921.1 NA NA 0.475 
SMR3.51 SMR Pull test 0.2 271638.791 3798403.763 364.013 T 0.44 0.395 0.00364 0.00408 242.4 NA NA 0.305 
SMR3.53 SMR Excavated 0 271615.967 3798426.884 363.848 P 0.45 0.465 0.01852 0.03616 NA 0.01272 0.15 0.64 
SMR3.54 SMR Excavated 0 271615.941 3798426.632 363.817 P 0.39 0.7 0.01056 0.02566 NA 0.01106 0.17 0.63 
SMR3.55 SMR Excavated 0 271615.358 3798426.547 363.865 P 0.44 0.745 0.016 0.02786 NA 0.00880 0.16 0.62 
SMR3.56 SMR Excavated 0 271615.303 3798426.681 363.885 P 0.46 0.62 0.00566 0.01323 NA 0.00531 0.08 0.645 
SMR3.57 SMR Excavated 0 NA NA NA T NA 0.25 0.00207 0.00061 NA 0.00170 0.07 0.42 
SMR3.58 SMR Excavated 0 NA NA NA P NA 0.515 0.01337 0.02707 NA 0.00953 0.13 0.615 
SMR4.1 SMR Pull test 0 271750.802 3798347.414 364.448 P -0.02 1.05 0.00729 0.03178 282.7 0.00556 0.16 0.308 
SMR4.2 SMR Pull test 0 271750.142 3798347.629 364.477 P 0.01 1.25 0.01166 0.07014 743.1 0.01565 0.17 0.52 
SMR4.3 SMR Pull test 0 271750.369 3798347.332 364.492 P 0.03 0.68 0.00891 0.03155 482.4 NA NA 0.265 
SMR4.4 SMR Pull test 0 271750.791 3798347.008 364.439 P -0.02 0.699 0.00668 0.02306 294.1 NA NA 0.165 
SMR4.5 SMR Pull test 0 271751.66 3798347.634 364.541 P 0.07 0.45 0.00476 0.01157 274.6 NA NA 0.185 
SMR4.7 SMR Pull test 0 271751.691 3798346.857 364.47 P 0 0.865 0.01251 0.06071 519.1 0.00560 0.1 0.35 
SMR4.8 SMR Pull test 0 271751.885 3798346.871 364.452 P -0.02 0.935 0.00941 0.04401 548.0 0.00639 0.13 0.298 
SMR4.9 SMR Pull test 0.2 271752.317 3798346.404 364.501 P 0.02 0.83 0.00656 0.01203 250.7 NA NA 0.36 
SMR4.10 SMR Pull test 0.2 271753.149 3798347.599 364.517 P 0.04 1.509 0.01277 0.08939 371.6 0.01808 0.15 0.455 
SMR4.11 SMR Pull test 0 271750.251 3798346.464 364.473 T 0.01 1.085 0.01181 0.01154 617.6 NA NA 0.39 
SMR4.12 SMR Pull test 0 271750.463 3798346.61 364.468 T 0.01 0.875 0.00855 0.00829 456.5 0.00510 0.12 0.34 
SMR4.13 SMR Pull test 0 271748.753 3798346.707 364.425 T -0.02 0.88 0.00532 0.00556 315.8 NA NA 0.39 
SMR4.14 SMR Pull test 0 271749.194 3798346.733 364.483 T 0.03 0.96 0.00612 0.00977 408.8 NA NA 0.34 
SMR4.15 SMR Pull test 0.2 271752.303 3798346.771 364.49 T 0.01 0.565 0.00399 0.00399 419.6 0.00385 0.11 0.33 
SMR4.16 SMR Pull test 0.2 271752.782 3798347.438 364.49 T 0.01 0.525 0.00644 0.00690 87.3 NA NA 0.34 
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SMR4.17 SMR Pull test 0.2 271752.936 3798346.596 364.54 T 0.06 0.44 0.00605 0.00435 99.0 NA NA 0.2 
SMR4.18 SMR Pull test 0 271753.313 3798346.414 364.499 T 0.01 0.74 0.01041 0.00911 300.6 NA NA 0.255 
SMR4.19 SMR Pull test 0 271752.741 3798345.432 364.465 T -0.01 0.845 0.00369 0.00578 249.3 NA NA 0.295 
S62.1 BR Pull test 0.1 252639.718 283988.423 963.711 P 0.81 0.225 0.00414 0.00378 105.5 NA NA 0.19 
S62.2 BR Pull test 0.2 252640.053 283988.38 963.687 P 0.79 0.205 0.00711 0.00929 46.4 NA NA 0.285 
S62.3 BR Pull test 0.3 252639.182 283987.922 963.747 P 0.85 0.225 0.00592 0.00769 28.3 NA NA 0.305 
S62.4 BR Pull test 0.1 252640.203 283986.388 963.725 P 0.83 0.62 0.01378 0.05689 732.0 NA NA 0.33 
S62.5 BR Pull test 0.2 252641.321 283986.145 963.698 P 0.8 0.55 0.01 0.04085 422.2 NA NA 0.185 
S62.6 BR Pull test 0.3 252639.413 283985.733 963.685 P 0.79 0.54 0.0166 0.05403 186.7 NA NA 0.382 
S62.7 BR Pull test 0.2 252644.4 283965.994 963.63 P 0.73 1.15 0.02837 0.23660 NA NA NA 0.43 
S62.8 BR Pull test 0.1 252645.398 283966.726 963.582 P 0.68 0.915 0.02713 0.12750 1256.9 NA NA 0.85 
S62.9 BR Pull test 0.3 252645.098 283967.768 963.633 P 0.73 0.88 0.0227 0.16020 915.9 NA NA 1.3 
S62.10 BR Pull test 0.1 252644.685 283967.032 963.665 P 0.77 0.555 0.00944 0.02375 399.2 NA NA 0.208 
S62.11 BR Pull test 0.2 252643.086 283965.088 963.742 P 0.84 0.69 0.01545 0.06426 215.2 NA NA 0.3 
S62.12 BR Pull test 0.3 252642.887 283966.549 963.725 P 0.83 0.585 0.0116 0.04630 47.8 NA NA 0.35 
S60.1 BR Pull test 0.1 252655.118 283945.408 963.817 P 0.9 0.24 0.00724 0.00916 141.9 NA NA 0.185 
S60.2 BR Pull test 0.2 252654.582 283946.924 963.863 P 0.95 0.335 0.00743 0.01425 109.6 NA NA 0.235 
S60.3 BR Pull test 0.3 252654.709 283947.828 963.895 P 0.98 0.45 0.01057 0.02820 132.2 NA NA 0.395 
S60.4 BR Pull test 0.3 252655.873 283946.788 963.902 P 0.99 0.88 0.01949 0.21440 467.3 0.01091 0.28 0.32 
S60.5 BR Pull test 0.2 252655.687 283949.533 963.956 P 1.04 0.81 0.0237 0.20910 919.6 NA NA 0.405 
S60.6 BR Pull test 0.1 252654.434 283950.458 963.926 P 1.01 0.78 0.0168 0.10870 676.8 NA NA 0.255 
S60.7 BR Pull test 0.1 252653.392 283949.329 963.835 P 0.92 0.295 0.00499 0.00539 111.1 NA NA 0.14 
S60.8 BR Pull test 0.2 252653.393 283949.798 963.831 P 0.91 0.51 0.0091 0.02519 987.6 NA NA 0.27 
S60.9 BR Pull test 0.3 252653.458 283950.899 963.904 P 0.99 0.28 0.00537 0.00726 15.8 0.00218 0.07 0.3 
S60.10 BR Pull test 0.1 252652.838 283954.314 963.916 P 1 0.56 0.01275 0.02590 301.1 NA NA 0.275 
S60.11 BR Pull test 0.2 252654.307 283954.047 963.974 P 1.06 0.38 0.0069 0.00721 61.9 NA NA 0.24 
S60.12 BR Pull test 0.3 252655.104 283954.986 963.982 P 1.07 0.48 0.00695 0.01667 43.1 NA NA 0.355 
S16.1 BR Pull test 0.1 252689.212 283938.798 963.585 P 0.69 0.15 0.00298 0.00182 23.9 NA NA 0.21 
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S16.2 BR Pull test 0.2 252688.981 283938.325 963.643 P 0.74 0.15 0.00299 0.00284 7.7 NA NA 0.21 
S16.3 BR Pull test 0.3 252688.696 283938.293 963.622 P 0.72 0.2 0.00414 0.00406 8.4 0.00169 0.12 0.38 
S16.4 BR Pull test 0.1 252689.785 283937.586 963.497 P 0.6 0.5 0.01058 0.02167 363.4 NA NA 0.235 
S16.5 BR Pull test 0.2 252690.283 283937.578 963.47 P 0.57 0.4 0.00871 0.01596 208.6 NA NA 0.24 
S16.6 BR Pull test 0.3 252690.492 283938.684 963.476 P 0.58 0.55 0.0103 0.02440 68.6 NA NA 0.355 
S16.7 BR Pull test 0.1 252687.573 283942.437 963.692 P 0.79 0.2 0.0035 0.00257 30.3 NA NA 0.14 
S16.8 BR Pull test 0.2 252687.461 283942.77 963.707 P 0.81 0.2 0.00537 0.00387 41.2 NA NA 0.22 
S16.9 BR Pull test 0.3 252688.576 283942.26 963.621 P 0.72 0.35 0.00575 0.00808 24.8 NA NA 0.255 
S16.10 BR Pull test 0.1 252688.932 283944.466 963.596 P 0.7 0.5 0.01533 0.03890 442.4 NA NA 0.275 
S16.11 BR Pull test 0.2 252690.697 283944.053 963.396 P 0.5 0.45 0.0103 0.01970 105.0 NA NA 0.25 
S16.12 BR Pull test 0.3 252689.504 283945.085 963.514 P 0.61 0.45 0.0155 0.03480 202.1 NA NA 0.38 
S12.1 BR Pull test 0.1 252677.28 284007.858 963.222 P 0.5 0.15 0.00486 0.00310 69.1 NA NA 0.195 
S12.2 BR Pull test 0.2 252677.599 284007.867 963.207 P 0.48 0.15 0.00396 0.00216 24.8 NA NA 0.235 
S12.3 BR Pull test 0.3 252677.224 284009.046 963.198 P 0.47 0.14 0.00271 0.00178 11.9 0.00115 0.03 0.255 
S12.4 BR Pull test 0.1 252676.735 284008.479 963.238 P 0.51 0.35 0.01013 0.01320 139.9 NA NA 0.265 
S12.5 BR Pull test 0.2 252677.115 284008.618 963.237 P 0.51 0.44 0.0051 0.00903 96.0 NA NA 0.255 
S12.6 BR Pull test 0.3 252678.129 284009.408 963.185 P 0.46 0.41 0.00378 0.00690 38.5 0.00294 0.06 0.32 
S12.7 BR Pull test 0.1 252676.137 284009.219 963.253 S 0.53 0.85 0.00605 0.04460 218.0 NA NA 0.31 
S12.8 BR Pull test 0.2 252677.906 284009.208 963.185 S 0.46 0.55 0.00682 0.01250 54.4 NA NA 0.25 
S12.9 BR Pull test 0.3 252678.485 284009.428 963.163 S 0.44 0.35 0.00481 0.01120 20.8 NA NA 0.265 
S12.10 BR Pull test 0.1 252674.349 284013.801 963.251 P 0.52 0.13 0.0025 NA NA NA NA NA 
S12.11 BR Pull test 0.2 252674.205 284013.122 963.23 P 0.5 0.17 0.00507 0.00679 73.5 NA NA 0.325 
S12.12 BR Pull test 0.3 252673.804 284013.852 963.235 P 0.51 0.19 0.00584 0.00789 37.8 NA NA 0.36 
S12.13 BR Pull test 0.1 252676.423 284013.618 963.261 P 0.53 0.31 0.00749 0.01638 230.3 NA NA 0.285 
S12.14 BR Pull test 0.2 252676.021 284014.845 963.235 P 0.51 0.39 0.00743 0.01753 77.6 NA NA 0.35 
S12.16 BR Pull test 0.3 252674.964 284014.954 963.269 P 0.54 0.22 0.0036 0.01125 42.5 NA NA 0.44 
S11.1 BR Pull test 0.1 252671.013 284023.161 963.235 P 0.53 0.17 0.0043 0.00874 57.6 NA NA 0.165 
S11.2 BR Pull test 0.2 252670.526 284023.291 963.213 P 0.51 0.26 0.00459 0.00301 23.5 NA NA 0.205 
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S11.3 BR Pull test 0.3 252670.319 284022.761 963.196 P 0.5 0.13 0.00389 0.00170 0.0 0.00072 0.13 0.029 
S11.4 BR Pull test 0.1 252672.147 284022.89 963.259 P 0.56 0.34 0.0061 0.01380 289.0 NA NA 0.225 
S11.5 BR Pull test 0.2 252672.749 284023.49 963.28 P 0.58 0.33 0.00878 0.00889 77.5 NA NA 0.23 
S11.6 BR Pull test 0.3 252672.493 284022.415 963.253 P 0.55 0.25 0.00519 0.00809 88.5 NA NA 0.25 
S11.7 BR Pull test 0.1 252673.017 284025.625 963.238 P 0.54 0.4 0.00814 0.02500 294.9 NA NA 0.11 
S11.8 BR Pull test 0.2 252672.041 284025.437 963.222 P 0.52 0.38 0.00641 0.01955 96.4 NA NA 0.14 
S11.9 BR Pull test 0.3 252673.827 284025.797 963.254 P 0.55 0.22 0.00653 0.01188 64.8 NA NA 0.335 
S11.12 BR Pull test 0.3 252674.404 284022.621 963.284 P 0.58 0.18 0.00354 0.00287 34.4 NA NA 0.055 
S29.1 BR Pull test 0.1 252673.742 283802.135 964.025 P 1.08 0.75 0.01312 0.07800 1013.8 NA NA 0.26 
S29.2 BR Pull test 0.2 252674.249 283802.047 964.026 P 1.08 0.56 0.01178 0.06360 395.3 NA NA 0.315 
S29.3 BR Pull test 0.3 252673.27 283802.26 964.053 P 1.11 0.61 0.01007 0.04590 193.4 NA NA 0.37 
S29.4 BR Pull test 0.4 252672.286 283801.166 964.064 P 1.12 0.79 0.01612 0.08715 419.9 NA NA 0.395 
S29.5 BR Pull test 0.1 252672.598 283800.299 964.046 P 1.1 0.915 0.01231 0.07380 380.5 NA NA 0.425 
S29.6 BR Pull test 0.2 252673.111 283800.398 964.036 P 1.09 0.77 0.01464 0.07480 622.6 NA NA 0.355 
S29.7 BR Pull test 0.3 252673.89 283799.953 964.03 P 1.09 0.67 0.01134 0.07490 406.8 NA NA 0.32 
S29.8 BR Pull test 0.4 252672.509 283799.922 964.059 P 1.12 0.85 0.01436 0.06056 399.8 NA NA 0.43 
S19.1 BR Pull test 0.1 252690.905 283894.849 963.741 P 0.8 0.285 0.01184 0.00948 80.5 NA NA 0.19 
S19.2 BR Pull test 0.2 252690.722 283894.915 963.734 P 0.79 0.35 0.01306 0.01310 275.7 NA NA 0.335 
S19.3 BR Pull test 0.3 252689.743 283894.343 963.812 P 0.87 0.29 0.009 0.01180 41.3 0.00586 0.22 0.365 
S19.4 BR Pull test 0.4 252690.171 283894.778 963.806 P 0.86 0.28 0.00628 0.00960 43.0 NA NA 0.38 
S19.5 BR Pull test 0.1 252688.764 283894.769 963.798 P 0.86 0.58 0.0166 0.04407 966.8 NA NA 0.21 
S19.6 BR Pull test 0.2 252688.571 283895.516 963.794 P 0.85 0.64 0.01988 0.05548 446.0 NA NA 0.46 
S19.7 BR Pull test 0.3 252688.133 283895.249 963.789 P 0.85 0.59 0.01758 0.06900 224.8 NA NA 0.45 
S19.8 BR Pull test 0.4 252687.062 283894.717 963.78 P 0.84 0.62 0.02218 0.12110 584.8 NA NA 0.45 
S19.9 BR Pull test 0.1 252689.967 283850.539 964.061 P 1.12 0.26 0.00624 0.00646 169.3 NA NA 0.16 
S19.11 BR Pull test 0.3 252689.685 283850.01 964.088 P 1.15 0.24 0.01298 0.01286 51.5 NA NA 0.34 
S19.12 BR Pull test 0.4 252690.974 283846.919 963.973 P 1.03 0.25 0.00571 0.00719 68.9 NA NA 0.32 
S19.13 BR Pull test 0.1 252690.911 283849.181 964.075 P 1.13 0.76 0.0103 0.05456 904.0 NA NA 0.435 
198 
 
ID River Type 
Scour 
depth 
(m)1 
Easting 
(m)2 
Northing 
(m)2 
Elevation 
(m)3 
Species
4 
Depth to 
water table 
(m) 
Height (m) 
Basal 
diameter 
(m) 
Frontal 
area (m2) 
Pull- 
out 
force 
(N)  
Root 
frontal 
area (m2) 
Depth to 
highest 
root 
density 
(m) 
Root 
length (m)5 
S19.14 BR Pull test 0.2 252689.201 283849.037 964.035 P 1.09 0.79 0.01521 0.10490 1090.9 NA NA 0.32 
S19.15 BR Pull test 0.3 252690.14 283846.432 964.033 P 1.09 0.475 0.01218 0.06844 585.7 NA NA 0.47 
S19.16 BR Pull test 0.4 252689.187 283846.715 963.988 P 1.05 0.75 0.01438 0.05838 302.8 NA NA 0.475 
S19.17 BR Pull test 0.1 252686.858 283862.469 964.008 P 1.07 0.32 0.00898 0.01505 308.7 NA NA 0.295 
S19.18 BR Pull test 0.2 252686.68 283862.17 964 P 1.06 0.41 0.00902 0.02087 280.2 NA NA 0.335 
S19.19 BR Pull test 0.3 252686.141 283863.633 963.972 P 1.03 0.29 0.00672 0.00720 66.9 NA NA 0.305 
S19.20 BR Pull test 0.4 252687.006 283862.813 964.074 P 1.13 0.41 0.00881 0.03476 162.9 NA NA 0.41 
S26.1 BR Pull test 0.1 252680.52 283798.703 964.234 P 1.17 0.185 0.00713 0.00377 76.1 NA NA 0.155 
S26.2 BR Pull test 0.2 252679.868 283797.696 964.22 P 1.15 0.215 0.00436 0.00290 52.9 NA NA 0.205 
S26.3 BR Pull test 0.3 252680.069 283797.578 964.242 P 1.18 0.19 0.00424 0.00460 17.2 0.00194 0.21 0.27 
S26.4 BR Pull test 0.4 252680.39 283797.68 964.266 P 1.2 0.195 0.00427 0.01950 16.3 NA NA 0.3 
S26.5 BR Pull test 0.1 252681.398 283798.151 964.299 P 1.23 0.27 0.00832 0.02076 357.5 NA NA 0.345 
S26.6 BR Pull test 0.2 252680.989 283796.138 964.334 P 1.27 0.385 0.00786 0.03208 262.4 NA NA 0.285 
S26.8 BR Pull test 0.4 252679.607 283796.184 964.267 P 1.2 0.335 0.00747 0.03260 21.4 NA NA 0.37 
S26.9 BR Pull test 0.1 252675.865 283774.417 964.29 P 1.22 0.285 0.00437 0.00918 87.9 NA NA 0.11 
S26.10 BR Pull test 0.2 252675.325 283774.849 964.25 P 1.18 0.235 0.00409 0.00884 95.2 NA NA 0.22 
S26.11 BR Pull test 0.3 252678.219 283773.495 964.288 P 1.22 0.25 0.00472 0.01090 14.2 0.00174 0.08 0.255 
S26.12 BR Pull test 0.4 252675.527 283772.015 964.315 P 1.25 0.26 0.00411 0.00876 17.9 0.00187 0.19 0.39 
S26.13 BR Pull test 0.1 252676.934 283772.507 964.248 P 1.18 0.325 0.00716 0.02330 238.7 NA NA 0.155 
S26.14 BR Pull test 0.2 252679.096 283774.743 964.301 P 1.23 0.495 0.00825 0.02808 126.6 NA NA 0.205 
S26.15 BR Pull test 0.3 252677.429 283775.641 964.288 P 1.22 0.34 0.00676 0.02724 119.8 NA NA 0.31 
S26.16 BR Pull test 0.4 252677.873 283774.605 964.306 P 1.24 0.37 0.01044 0.03016 38.5 NA NA 0.41 
S20.1 BR Pull test 0.1 252691.056 283878.469 964.08 P 1.12 0.16 0.0031 0.00317 65.0 NA NA 0.125 
S20.2 BR Pull test 0.2 252690.541 283878.761 964.102 P 1.14 0.26 0.00354 0.00593 22.6 NA NA 0.19 
S20.3 BR Pull test 0.3 252690.633 283878.942 964.059 P 1.1 0.255 0.0041 0.00604 25.1 NA NA 0.345 
S20.4 BR Pull test 0.4 252690.817 283877.839 964.087 P 1.12 0.27 0.00551 0.00375 
4.45E-
05 
0.00445 0.17 0.485 
S20.5 BR Pull test 0.1 252689.108 283870.211 964.12 P 1.16 0.205 0.00453 0.00606 86.9 NA NA 0.14 
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S20.6 BR Pull test 0.2 252688.999 283869.879 964.097 P 1.13 0.275 0.00588 0.00896 61.9 NA NA 0.225 
S20.7 BR Pull test 0.3 252689.942 283870.765 964.113 P 1.15 0.21 0.00465 0.00425 22.5 NA NA 0.375 
S25.1 BR Pull test 0.1 252684.996 283863.584 963.778 P 0.75 0.435 0.00754 0.02376 59.3 NA NA 0.165 
S25.2 BR Pull test 0.2 252684.878 283863.829 963.811 P 0.78 0.47 0.00616 0.02097 62.1 NA NA 0.21 
S25.3 BR Pull test 0.3 252683.248 283865.427 963.757 P 0.73 0.42 0.00605 0.01090 19.1 0.00288 0.13 0.305 
S25.5 BR Pull test 0.1 252685.25 283861.468 963.911 P 0.88 0.185 0.0031 0.00216 50.3 NA NA 0.165 
S25.6 BR Pull test 0.2 252684.962 283861.788 963.845 P 0.82 0.265 0.0053 0.00859 47.5 NA NA 0.205 
S25.7 BR Pull test 0.3 252684.953 283862.406 963.862 P 0.84 0.23 0.00476 0.00481 17.3 NA NA 0.295 
S25.8 BR Pull test 0.4 252684.575 283861.264 963.832 P 0.81 0.315 0.00476 0.00511 
4.45E-
05 
0.00194 0.13 0.31 
10.4 m scour treatment was not conducted at all sites, and was therefore excluded from manuscript analyses. 
2Coordinate system state plane for BR and UTM for BWR and SMR. 
            
3Elevation relative to 2009-CONUS geoid for BR and 2006-CONUS geoid for BWR and SMR. 
           
4P = Populus; S = Salix; T = Tamarix; Salix was not present at all sites, and was therefore excluded from manuscript analyses. 
5Root length is as measured after pull test or excavation; seedlings that were uprooted intact were included for root morphometric investigation and have a frontal area. 
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Supporting Information for 
Riparian trees as ecosystem engineers: Using ground-based and airborne LiDAR to 
measure how vegetation influences channel morphology  
Contents of this file  
 
Figures S4.1 to S4.4 
Tables S4.1 to S4.7 
 
Introduction  
This repository contains figures and tables of analyses described in the manuscript but 
not presented for ease of reading. Persons interested in conducting or comparing similar 
analyses will find this content useful. The content contains information related to 1) the 
patch-scale TLS statistical analyses, 2) the reach-scale ALSM hypsometric and statistical 
analyses, and 3) the reach-scale ALSM power spectra analyses. 
1) Table S4.1 contains the vegetation and tail bar morphology metrics obtained from TLS 
scans (locations shown in Figure 4.6 of the manuscript) and used to meet objectives 1 and 
2 in the manuscript. Table S4.2 contains Pearson correlation coefficients between tail bar 
variables (Table S4.1) that provided insight into the main relationships between variables, 
and were used to inform statistical models. Tables S4.3, S4.4, and S4.5 contain general 
linear models results for objectives 1 and 2 that are shown graphically in Figures 4.7, 4.8, 
4.9, and 4.11 of the manuscript.  
2) Table S4.6 contains Pearson correlation coefficients between reach-scale ALSM-
derived variables that were used in the reach-scale hypsometric analysis and to build 
statistical models for objective 3. Figure S4.1 contains the hypsometric analysis of the 
reach by vegetation height class. We chose to show only the hypsometry by density class 
in the manuscript, because differences are visually more apparent. Table S4.7 shows the 
associated comparison of means by vegetated height. Figure S4.2 shows the empirical 
semivariogram for the response (detrended elevation) fitted with theoretical 
semivariograms. The best fit obtained from this analysis was used to update general 
linear model candidates for objective 3. 
3) Lastly, Figures S4.3 and S4.4 show the power spectra (objective 3) for bars 2 and 3 
discussed in the manuscript (shown in Figure 4.3). These results are consistent and 
similar to bar 1 shown in Figure 4.13 of the manuscript, except they do not show a peak 
in power at the higher frequency (0.32 1/m). 
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Figure S4.1 Cumulative histogram of A) detrended bed elevation and B) standard deviation of 
bed elevation by density class. The probability frequency reveal C) larger proportion of high 
detrended bed elevations for vegetated areas and D) higher standard deviation for vegetated areas. 
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Figure S4.2 Empirical semivariogram for detrended elevation fit with theoretical 
semivariograms. The exponential spatial autocorrelation structure provides the best fit. 
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Figure S4.3 A) Discrete Fourier Transform (DFT) power spectra of Bar 2 and the bare channel, 
and B) Bar 2 DFT normalized to the bare channel spectrum, showing increased power at spatial 
frequencies of 0.06 and 0.12. The C) Continuous Wavelet Transform (CWT) spectra of Bar 2 and 
the bar channel show a similar, but smoother trend, with a D) peak in normalized frequency of 
0.09 1/m. 
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Figure S4.4 A) Discrete Fourier Transform (DFT) power spectra of Bar 3 and the bare channel, 
and B) Bar 3 DFT normalized to the bare channel spectrum, showing increased power at spatial 
frequencies of 0.06 – 0.08 and 0.13 1;m. The C) Continuous Wavelet Transform (CWT) spectra 
of Bar 2 and the bar channel show a similar, but smoother trend, with a D) peak in normalized 
frequency of 0.09 1/m. 
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Table S4.1 Vegetation and tail bar morphology results from TLS scans. 
PatchID Species
a
 
Patch 
Height 
(m) 
Average 
CDaD
b
 
Patch 
Diameter 
(m) 
Average 
λf
c
 
Cum. 
AC
d
(m
2
) 
Distance 
to Max. 
Height 
(m) 
Bar 
Height 
(m) 
Bar 
Width 
(m) 
Bar 
Length 
(m) 
Bar 
Length/ Bar 
Length/Bar 
Width Patch 
Diameter 
SM2_COT_SP13 P 7.0 0.21 5.00 0.48 5.42 11.0 0.45 10.0 40.0 8.00 4.00 
SM2_TAM_SP12 T 2.2 0.06 1.60 0.13 0.20 5.0 0.03 0.5 6.0 3.75 12.00 
SM2_TAM_SP10 T 4.6 0.11 3.70 0.21 1.35 2.0 0.45 4.5 10.0 2.70 2.22 
SM2_TAM_SP10_2 T 2.0 0.05 2.24 0.10 0.22 2.0 0.06 1.5 4.0 1.79 2.67 
SM2_TAM_SP7 T 4.0 0.08 2.50 0.14 0.59 6.5 0.05 2.0 10.0 4.00 5.00 
SM2_TAM_SP14 T 2.6 0.08 2.40 0.13 0.30 1.5 0.05 2.0 10.0 4.17 5.00 
SM2_COT_SP2 P 6.4 0.01 3.30 0.22 1.38 1.0 0.28 5.0 8.0 2.42 1.60 
SM2_COT_SP3 P 7.4 0.10 3.85 0.18 1.71 0.3 0.30 0.0 3.0 0.78 0.00 
SM1_TAM_SP11 T 3.4 0.06 2.82 0.11 0.78 2.0 0.30 2.0 4.5 1.60 2.25 
SM1_TAM_SP6 T 5.0 0.09 2.86 0.21 0.84 1.5 0.35 1.8 5.0 1.75 2.78 
SM1_TAM_SP3 T 5.0 0.09 2.62 0.17 0.19 1.5 0.20 2.0 4.0 1.53 2.00 
SM1_TAM_SP9 T 5.0 0.04 1.78 0.09 0.51 2.0 0.25 1.8 4.0 2.25 2.29 
SM1_TAM_SP5 T 4.6 0.10 2.70 0.20 0.90 1.5 0.40 3.0 3.5 1.30 1.17 
SM1_TAM_SP4 T 5.0 0.10 2.84 0.22 1.02 0.5 0.25 3.0 7.0 2.46 2.33 
SM1_TAM_SP3 T 5.0 0.09 2.63 0.17 0.28 3.0 0.20 1.8 5.0 1.90 2.86 
SM4_TAM_SP4 T 7.6 0.25 6.20 0.53 0.92 6.0 0.50 9.5 18.0 2.90 1.89 
SM1_TAM_SP12 T 5.2 0.08 3.99 0.16 0.32 3.0 0.28 2.0 5.0 1.25 2.50 
SM1_TAM_SP3_2 T 5.0 0.09 3.36 0.19 8.37 2.0 0.18 1.5 4.0 1.19 2.67 
SM1_TAM_SP9_3 T 4.9 0.10 2.28 0.22 5.42 1.5 0.35 2.0 4.0 1.75 2.00 
a
P = Populus and T = Tamarix. 
          bFlow blockage factor 
c
Roughness density 
            
c
umulative
 
vertical projected frontal area 
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Table S4.2 Pearson correlation coefficients of patch and tail bar variables (Figure 4.4A), with those that are very strongly correlated (> 0.70) 
bolded. 
  
Patch 
Diameter 
(m) 
Average 
CDaD
a
 
Average 
λf
b
 
Bar 
Width 
(m) 
Bar 
Length 
(m) 
Bar 
Height 
(m) 
Distance 
to 
Maximum 
Height 
(m) 
Bar 
Length/Patch 
Diameter 
Bar 
Length/Bar 
Width 
Patch Height (m) 0.76 0.55 0.7 0.53 0.38 0.74 0.19 -0.07 -0.62 
Patch Diameter (m) 
 
0.81 0.86 0.75 0.63 0.82 0.44 0.14 -0.31 
Average CDaD
a
 
  
0.91 0.72 0.71 0.79 0.61 0.35 -0.04 
Average λf
b
 
   
0.88 0.78 0.83 0.6 0.38 -0.13 
Bar Width (m) 
    
0.88 0.71 0.68 0.57 0.03 
Bar Length (m) 
     
0.47 0.85 0.82 0.3 
Bar Height (m) 
      
0.26 0.02 -0.41 
Distance to 
Maximum Height 
(m) 
       
0.78 0.44 
Bar Length/Patch 
Diameter                 
0.7 
a
Flow blockage factor 
        bRoughness density 
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Table S4.3 Likely models (∆AIC < 4) between tail bar length (m) and other tail bar 
morphometric variables, and the least likely model (below the dashed line). 
 Coefficient(s)  AIC Ranking 
Rank Intercept 
Tail 
bar 
width 
(m) 
Distance 
to 
maximum 
tail bar 
height 
Species: 
Tamarix 
 AIC ∆AIC 
AIC 
Weight 
1 1.48 2.45    98.54 0 0.52 
2 5.78  1.93 -4.50  100.45 1.91 0.20 
3 2.85 2.32  -2.37  100.49 1.95 0.20 
4 1.65  2.07   102.09 3.55 0.09 
6 7.64     122.15 23.61 0.00 
 
Table S4.4 Likely models (∆AIC < 4) between vegetation morphology variables, and the least 
likely model (below the dashed line). Variables not included in candidate sets grayed. 
 Coefficient(s)  AIC Ranking 
Rank Intercept 
Patch 
height 
(m) 
Patch 
diameter 
(m) 
Species: 
Tamarix 
 AIC ∆AIC 
AIC 
Weight 
log(average λf) 
1 -2.73 0.21    15.87 0 0.82 
2 -2.92 0.23  0.13  18.94 3.07 0.18 
4 -1.32   -0.45  27.43 11.56 0.00 
log(average CDaD) 
1 -2.54     40.70 0 0.40 
2 -4.55 0.25  0.98  41.39 0.69 0.28 
3 -3.07 0.12    42.33 1.63 0.18 
4 -2.83   0.35  42.88 2.13 0.13 
average λf 
1 -0.07  0.09   -43.41 0 0.84 
2 -0.06  0.09 -0.01  -40.08 3.33 0.16 
4 0.29   -0.11  -21.60 21.80 0.00 
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Table S4.5 Likely (∆AIC < 4) vegetation morphology predictors of normalized tail bar 
morphology and the least likely model (below dashed line). Variables not included in candidate 
sets grayed. 
 Coefficient(s)  AIC Ranking 
Rank Intercept λf CDaD 
Patch 
diameter 
(m) 
Patch 
height 
(m) 
Species: 
Tamarix 
 AIC ∆AIC 
AIC 
Weight 
tail bar length/width 
1 4.73    -0.46   55.24 0 0.73 
2 4.93    -0.47 -0.13  58.57 3.33 0.14 
10 1.67  -0.24   1.06  65.06 9.82 0.00 
tail bar length/patch diameter 
1 2.39       64.64 0 0.24 
2 1.53 4.22      64.78 0.15 0.22 
3 1.63  8.13     65.25 0.61 0.17 
4 3.07     -0.81  66.51 1.87 0.09 
5 2.68    -0.06   67.21 2.57 0.07 
6 2.26  7.66   -0.70  67.45 2.82 0.06 
7 1.97 3.75    -0.42  67.73 3.10 0.05 
8 4.96    -0.27   69.82 5.18 0.02 
 
Table S4.6 Pearson correlation coefficients between reach-scale raster variables with those with 
very strong correlations (> 0.70) bolded. 
  
Detrended 
DEM (m) 
SD
a
 
Detrended 
DEM (m) 
CHM
b
 
(m) 
VDM
c
 
Bare-earth DEM (m) -0.23 -0.08 -0.40 -0.47 
Detrended DEM (m)  0.11 0.17 0.29 
SD
a
 Detrended DEM (m)   0.14 0.14 
CHM
b
(m)    0.70 
a
Standard deviation 
b
Canopy height model 
c
Vegetation density model 
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Table S4.7 Group means and standard deviation of detrended elevation aggregated by height 
class. 
Group Mean (m) 
Standard 
Deviation 
bare channel
b,c,d,e
 -0.02 1.09 
>0 to 1 m
a,c,d,e
 -0.71 1.21 
>1 to 5 m
a,b,d,e
 0.43 1.31 
>5 to 10 m
a,b,c,e 
0.41 0.83 
>10 m
a,b,c,d 
-0.16 0.85 
a
Statistically different from bare channel 
b
Statistically different from >0 to 1m 
c
Statistically different from >1 to 5m 
d
Statistically different from >5 to 10m 
e
Statistically different from >10m 
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Supporting Information for 
Sensitivity of channel-bend hydraulics influenced by vegetation  
 
 
  
Contents of this file  
 
Supporting methods text 
 
 
Introduction 
This document contains: 1) the derivation and explanation of vegetation drag included in 
the FaSTMECH-FLEXVEG beta model used in the manuscript (a simplified version was 
descripted in the main text); 2) details concerning how parameters files were updated and 
ran with FaSTMECH for the scaled-sensitivity analysis, such that interested parties could 
take a similar approach; details concerning 3) the boundary condition and topographic 
grid construction and 4) model calibration for the Bitterroot River site and 5) conversion 
of the Bitterroot River model output to a channel-fitted coordinate system. 
 
1. FLEXVEG Flexible Vegetation Drag Equation Derivation 
To consider reconfiguring, streamlining, and pronation, the Vogel exponent, χ, 
can be used [e.g., Jalonen et al., 2013], where drag from the flexible element, Fχ:  
Fχ =  
1
2
𝜌 (
𝑈𝑚
𝑢𝜒
)
𝜒
CDχAc𝑈𝑚
2  (SI5.1) 
where 𝑢𝜒  is the lowest velocity used to determine χ [Jalonen et al., 2013]. The velocity 
term, (
𝑈𝑚
𝑢𝜒
)
𝜒
, can be considered the impact of vegetation flexibility on altering the drag 
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coefficient. Västilä and Järvelä [2014] proposed that drag for stems (S) versus leaves (L) 
could be considered separately, where the total drag (Fχ,tot) is the combination of drag 
from each with CD, AC, χ, 𝑢𝜒  considered separately: 
Fχ,tot = 
1
2
𝜌 [𝐶𝐷𝜒,𝑆𝐴𝑆 (
𝑈𝑚
𝑢𝜒,𝑆
)
𝜒𝑠
+ 𝐶𝐷𝜒,𝐿𝐴𝐿 (
𝑈𝑚
𝑢𝜒,𝐿
)
𝜒𝐿
] 𝑈𝑚
2   (SI5.2) 
where the subscripts denote stems (S) and leaves (L). See Aberle and Järvelä [2013], 
Jalonen et al. [2013], and Västilä and Järvelä [2014] for more detail concerning this 
method, and Chapman et al. [2015] for a comparison of this method versus their method 
that uses the Young’s Modulus to account for flexibility. 
Vegetation properties are specified in the FaSTMECH-FLEXVEG beta version 
by polygons where the user inputs polygon stem density (#stems/m
2
) and height (m), and 
can define 𝐶𝐷𝜒,𝑆, 𝐶𝐷𝜒,𝐿, 𝐴𝑆 (m
2
 per plant), 𝐴𝐿(m
2
 per plant), 𝑢𝜒,𝑆 (m/s), 𝑢𝜒,𝐿  (m/s), 𝜒𝑆, and 
𝜒𝐿 for each polygon. Frontal area (AS and AL) is partitioned for different flow depths by 
polygon height by the flow depth to plant height ratio. For example, if the height of the 
plant is 1 m and the flow depth is 0.5 m, 0.5 times the frontal area is assigned. Because, 
in our case, we are representing vegetation as rigid cylinders, we consider only the first 
term in brackets for stems, and set 𝜒𝑆 to zero such that drag is equivalent to the original 
drag equation (5.3). It remains difficult to use these parameters outside of the flume 
environment. An obvious future extension of this research would be to add the Vogel 
exponent to the sensitivity analysis, and the difference between stems versus leaves 
(SI5.2). 
 
 
 
212 
 
2. Scaled-Sensitivity Analysis 
We sampled the input parameters (i.e., model characteristics 1 – 5; Table 5.2) 
using the Sobel-based sampling scheme (n = 10,000) appropriate for global sensitivity 
analysis with the SAFE toolbox. We assigned the channel parameters by altering the 
binary computational fluid dynamic format (.cgn) files used by FaSTMECH.exe with 
code written with the Mexcgns interface in Matlab R2012a 
[https://code.google.com/p/mexcgns/]. Once written, the .cgn files were run in 
FaSTMECH-FLEXVEG in command line with a batch file. We extracted model output 
using Matlab/Mexcgns code originally developed by Legleiter et al. [2011] modified to 
read the vegetation parameters used in FLEXVEG. The Matlab/Mexcgns codes used in 
this manuscript are available upon request.  
 
3. Channel Characterization and Boundary Conditions  
We characterized channel topography with a combination of airborne LiDAR and 
echosounder and RTK GPS surveys. LiDAR was flown by Watershed Sciences, Inc. 
(now Quantum Spatial) for Missoula County on October 30, 2012 with a Leica ALS60 
with 3.83 ground points/m
2
, providing 1-m resolution topography with a RMSE of 0.03 
m. Inundated regions (reflected off water) were manually removed. In-channel 
bathymetry was measured with a Trimble 5700 base station in conjunction with Trimble 
R7 and 5800 RTK-GPS rover cross-section surveys augmented by Sonarmite 
echosounder measurements in non-wadeable areas. Monuments used for the LiDAR 
survey were occupied with the RTK GPS. Horizontal and vertical agreement of < 0.10 m 
was found. RTK topographic points were interpolated in the downstream direction using 
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iRIC grid creator. All topographic points were combined in iRIC, and a curvilinear 
orthogonal grid created with an average cell size of 2.5 by 2.5 m for calibration runs, and 
5 by 5 m for the remaining runs, with corresponding 841,851 and 210,926 nodes, 
respectively.  
 A stage-discharge relationship was created by linking transducer stage 
measurements at the downstream end to discharge derived from USGS 12344000 
corrected by contributing area for our field site. Discharge was measured at the field site 
and compared to the adjusted USGS 12344000 value and found to agree within 10 % 
(Table 5.3). Through trial and error, relaxation coefficients were set to 0.5, 0.3, and 0.1 
for ERelax, URelax, and ARelax, respectively. Convergence was found after 5000 
iterations (mean error discharge < 2 %). 
Channel characteristic parameters (Cd, LEV, and floodplain vegetation 
characteristics) were considered fixed with values obtained from our calibration (Table 
5.3). Individual floodplain trees were mapped (Figure 6.2) from the airborne LiDAR, 
from which vegetation density (#stems/m
2
), height (m) and diameter (m) were extracted. 
Vegetation points were isolated and ground vegetation removed with CloudCompare 
[http://www.danielgm.net/cc/]. The dataset was imported as a las dataset in ArcGIS 10.1 
and a 1-m resolution raster of maximum height created. Crowns were mapped following 
a workflow similar to Koch et al. [2006] in ArcGIS 10.1, whereby points were inverted 
and crowns delineated in a manner similar to delineating drainage basins, and the 
maximum height for each crown extracted as “basin” minima. Crown “basins” were 
converted to polygons. Method performance was evaluated by comparing crown 
polygons to aerial imagery. Nearly every tree large enough to be captured by the LiDAR 
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was accurate (<5 % false positive). Crown attributes (centroid, area, and radius) were 
calculated using the field calculator. Height of each crown was determined by 
intersecting centroids with the height raster. Diameter at breast height for each tree was 
estimated by assuming a crown-diameter to stem-diameter relationship [Hemery et al., 
2005]. Although this is a rough estimate, results were reasonable (mean diameter at 
breast height of 0.20 ± 0.14 m). 
Vegetation polygons were created by constructing a 15-m bounding polygon. The 
polygons were smoothed, gaps removed, and dissolved into a single polygon for each 
region (Figure 5.1). Average polygon attributes were calculated (vegetation density 
(#stems/m
2
), height (m), diameter (m), and 𝐴𝑆 (average flow depth x average diameter at 
breast height; m
2
 per plant). As with the scaled channel model, we did not consider 
foliage and assumed rigid stems (no foliage and χS = 0). For simplicity, we assumed 𝐶𝐷𝜒,𝑆 
of one, a good first-order approximation [Nepf et al., 2013].  
 
4. Model Calibration  
Water surface profiles were measured from 2011 to 2015 over a range of 
calibration flows (one of which inundated floodplain vegetation; Table 5.3). We assumed 
that roughness is averaged by flows over the reach, and used a constant Cd, which we 
varied to match observed water surface elevation and to reduce the associated root-mean-
square-error (RMSE). Constant roughness has been shown to perform comparably to 
variable roughness in FaSTEMCH [e.g., Segura and Pitlick, 2015]. 
 Velocity was measured during base flow in 2015 along cross sections in locations 
where little geomorphic change was observed following topography collection (Figure 
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5.2) using a Teledyne RD Instruments (TRDI) four beam 1200 kHz Rio Grande ADCP 
mounted to a 12-ft cataraft equipped with rapid RTK GPS rowed manually. Data were 
collected using single ping ensembles with Bottom Mode 12 and Water Mode 1, similar 
to the methods described in Rennie and Millar [2004], Rennie and Church [2010], and 
Venditti et al. [2015]. Velocities from the top 0.5 m and bottom 6% of the depth were 
excluded. Velocities were corrected for boat speed with WinRiver II software using 
bottom tracking. Bed conditions were immobile, so additional corrections were not 
necessary.  
 Because velocity profiles were incomplete, data were exported in text format from 
WinRiver II, and each ensemble post-processed for depth-averaged velocity (Ū) in 
Matlab R2012a by regressing velocity (U) as a function of log of height above the bed (z) 
to determine shear velocity (u
*
) and roughness height (zo) [Bergeron and Abrahams, 
1992]. Since u varies as a function of z: 
U =
𝑢∗
𝜅
ln (
𝑧
𝑧𝑜
)  (SI5.3) 
where 𝜅 is the von Karman constant (0.41), the regression of U as a function of z (Uz) 
yields: 
U = 𝑚𝑈𝑧 ln(𝑧) + 𝑐𝑈𝑧  (SI5.4) 
where 𝑚𝑈𝑧 is slope and 𝑐𝑈𝑧 the intercept. Shear velocity, 𝑢∗𝑈𝑧, and roughness height, 
𝑧𝑜𝑈𝑧, were calculated from the regression coefficients: 
𝑢∗𝑈𝑧 =  𝜅𝑚𝑈𝑧   (SI5.5) 
𝑧𝑜𝑈𝑧 = exp(-𝑐𝑈𝑧/𝑚𝑈𝑧 ) (SI5.6) 
Using the law of the wall and our calculated 𝑢∗𝑈𝑧 and 𝑧𝑜𝑈𝑧 , we calculated Ū for each 
ensemble assuming 𝑧𝑚 = 0.37H, where H is the total depth: 
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Ū =
𝑢∗𝑈𝑧
𝜅
ln (
𝑧𝑚
𝑧𝑜𝑈𝑧
) (SI5.7) 
Individual ensembles are noisy [e.g., Rennie and Church, 2010] and we wished to 
compare measured Ū to modeled Ū. Thus we gridded measured velocities to match 
model output, ensuring grid cells were concurrent and orthogonal, and calculated the 
RMSE. We compared the RMSE of law-of-the-wall-derived Ū to a simple average 
assuming missing values for the top 0.5 m in each ensemble were equal to the value of U 
corresponding to the largest z. Law-of-the-wall-derived Ū had a lower RMSE, and was 
thus used instead of the adjusted average (Table 5.3). 
Lateral eddy viscosity (LEV) was varied to match observed depth-average 
velocity and to reduce the associated RMSE.  
 
5. Conversion to a Channel-Fitted Coordinate System 
Our channel geometry was complex at the field site, but representative of many 
wandering systems. Because of the complexity of the channel, we were unable to 
maintain a channel-fitted coordinate system (grid nodes overlapped), such that the 
streamwise and stream-normal model outputs are nonsensical because they do not 
represent streamwise or stream-normal values. Since we were interested in capturing 
changes in hydraulics with respect to channel bends, the curvilinear coordinate system is 
more appropriate and necessary for calculating the components of the force balance of 
flow. We converted our model output to a channel-fitted coordinate system, and 
evaluated how the vegetation scenarios altered channel-bend hydraulics and forces 
(objective 2). 
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For each node of the curvilinear grid, we calculated the angle of deviation of the 
curvilinear grid from north in the streamwise direction. We thus created a curvilinear grid 
covering the main channel, and assigned our flow solution output the nearest curvilinear 
grid coordinates and associated angle from north (α; Figure 5.4). We then transformed the 
x- and y-referenced hydraulic solutions to streamwise (u,s) and stream-normal (v, n) 
components by multiplying a rotation matrix by the x- and y- components of the 
hydraulic solutions (velocity, U, and τ), where  
[𝑢
𝑣
] = [𝑐𝑜𝑠𝜃
𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃
𝑐𝑜𝑠𝜃
] [𝑈𝑥
𝑈𝑦
]  (SI5.8) 
[𝜏𝑠
𝜏𝑛
] = [𝑐𝑜𝑠𝜃
𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃
𝑐𝑜𝑠𝜃
] [𝜏𝑥
𝜏𝑦
] (SI5.9) 
List of Terms 
AL = frontal area of leaves (m
2
) 
AS = frontal area of stems (m
2
) 
Cd = channel drag coefficient  
CDχ = flexible vegetation drag coefficient 
𝐶𝐷𝜒,𝐿  = flexible vegetation drag coefficient of leaves 
𝐶𝐷𝜒,𝑆 = flexible vegetation drag coefficient of stems 
𝑐𝑈𝑧 = intercept from regression of U as a function of z 
Fχ = drag from flexible vegetation (N/m2) 
Fχ,tot  = total drag from flexible leaves and stems (N/m2) 
g = acceleration due to gravity (m/s
2
) 
LEV = lateral eddy viscosity  
𝑚𝑈𝑧 = slope of regression of U as a function z 
RMSE = root mean square error  
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𝑢 = streamwise component of velocity (m/s)  
𝑢∗ = shear velocity 
𝑢∗𝑈𝑧 = shear velocity calculated from regression U as a function of z 
𝑢𝜒  = lowest velocity used to determine 𝜒 (m/s) 
𝑢𝜒,𝐿  = lowest velocity used to determine 𝜒𝐿 (m/s) 
𝑢𝜒,𝑆 = lowest velocity used to determine 𝜒𝑆 (m/s) 
Ū = depth-averaged velocity (m/s) 
U = velocity (m/s) 
Uc = approach velocity (m/s) 
𝑈𝑚= cross-section mean velocity (m/s) 
𝑈𝑥 = x component of velocity in Cartesian coordinate system (m/s) 
𝑈𝑦 = y component of boundary velocity in Cartesian coordinate system (m/s) 
𝑣 = stream-normal component of velocity (m/s) 
𝑧𝑚 = height above bed corresponding to law-of-wall-predicted average velocity 
𝑧𝑜 = roughness height (m) 
𝑧𝑜𝑈𝑧 = roughness height (m) determined from regressing U as a function of z 
𝜒 = Vogel exponent 
𝜒𝐿 = Vogel exponent for leaves 
𝜒𝑠 = Vogel exponent for stems 
𝜅 = von Karman constant  
𝜌 = density of water (kg/m3) 
τ
*
 = Shields number 
𝜏𝑠 = stream wise component of boundary shear stress (N/m
2
) 
219 
 
𝜏𝑛 = stream-normal component of boundary shear stress (N/m
2
) 
𝜏𝑥 = x component of boundary shear stress in Cartesian coordinate system (N/m
2
) 
𝜏𝑦 = y component of boundary shear stress in Cartesian coordinate system (N/m
2
) 
𝜃 = angle of curvilinear grid cell deviation from north 
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